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Ji-Cheng  Zhao  and  Melvin  R.  Jackson 
GE  Global  Research  Center,  P.O.  Box  8,  Schenectady,  NY  12110 


Abstract 

A  high-efficiency  “diffusion  multiple”  approach  was  employed  to  determine  the  phase 
diagrams  of  nine  ternary  systems  Nb-Ti-Si,  Nb-Cr-Si,  Nb-Cr-Ti,  Ti-Cr-Si,  Nb-Si-Al,  Nb- 
Cr-Al,  Nb-Ti-Al,  Ti-Si-Al,  and  Ti-Cr-Al.  These  phase  diagrams  are  very  important  for 
the  design  of  Nb  silicide  based  composites  and  their  coatings  for  advanced  military 
aircraft  engines.  Most  of  these  ternary  systems  are  very  complex  -  some  contain  up  to  14 
phases,  thus  they  also  serve  as  excellent  examples  to  test  the  applicability  of  the  diffusion 
multiple  approach  to  such  complex  systems.  A  total  of  seven  different  diffusion 
multiples  were  made  to  map  the  phase  diagrams  of  these  nine  ternary  systems.  It  would 
take  more  than  a  thousand  individual  alloys  to  accomplish  the  same  amount  of  phase 
diagram  mapping.  All  the  equilibrium  phases  reported  in  these  systems  were  observed  in 
the  diffusion  multiples  and  an  extremely  large  amount  of  phase  equilibrium  information 
was  obtained  to  construct  isothermal  section  phase  diagrams.  The  results  clearly 
demonstrate  the  applicability  of  this  novel  approach  to  very  complex  phase  diagrams. 
We  have  gained  extensive  experience  on  how  to  make  diffusion  multiples  and  how  to 
most  efficiently  analyze  such  complex  systems.  The  experimental  data  were  used  to 
model  thermodynamic  parameters  for  extrapolating  the  ternary  data  into  multicomponent 
alloys  to  provide  critical  data  for  computational  design  of  alloys.  Our  results  provide  a 
much  clearer  picture  of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  composites. 


Research  Objective 

The  overall  objective  of  this  research  is  to  create  an  efficient  methodology  for 
determining  phase  stability  in  multicomponent  systems  by  combining  the  results  from 
novel  diffusion  multiple  experiments  with  state-of-the-art  thermodynamic  modeling 
procedures.  This  methodology  will  provide  phase  stability  information  quickly  enough  to 
make  up-front  predictions  and  to  enable  accelerated  design  approach  for  new  classes  of 
composite  materials.  The  novel  approach  will  provide  the  scientific  basis  for  rapid  and 
low-cost  development  of  Nb  silicide  composites  and  will  serve  as  an  exemplar  for  future 
materials  design. 
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Results  /  Accomplishment  /  New  Findings 


Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next 
generation  turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than 
current  generation  advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites 
have  excellent  creep  strength,  but  poor  oxidation  resistance  and  poor  room  temperature 
fracture  toughness  [1-2].  Alloying  with  Cr  can  significantly  improve  the  oxidation 
resistance  by  stabilizing  the  Cr-rich  Laves  phase  NbCr2.  The  potential  application  of 
these  composites  at  very  high  temperatures  requires  a  balance  of  high  creep  resistance, 
high  oxidation  resistance,  and  good  low-temperature  damage  tolerance  (fracture 
toughness).  To  achieve  such  a  property  balance,  elements  such  as  Cr,  Ti,  Hf  and  A1  are 
added  to  the  composites  and  significant  progress  has  been  made  in  improving  the 
properties  of  the  composites.  Some  of  the  alloying  concepts  were  discussed  by  Zhao  et 
al.  [7].  The  advanced  design  of  the  composites  requires  a  fair  understanding  of  the  phase 
equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable  definition  of  the  Nb-Hf-Si 
system  has  been  achieved  [8-10],  our  effort  under  the  current  AFOSR  program  has  been 
focused  on  the  ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr- 
Al,  Nb-Ti-Si,  Nb-Ti-Cr,  and  Nb-Ti-Al.  Other  ternary  systems  related  to  the  six-element 
system  such  as  Nb-Ti-Hf,  Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have 
either  good  data  or  are  less  critical  for  the  design  of  the  Nb  silicide  composites. 

A  high-efficiency  “diffusion  multiple”  approach  [1 1-14]  was  employed  as  part  of  this 
AFOSR  program,  and  especially  extended  to  very  complex  systems  such  as  Nb-Cr-Si.  It 
would  take  thousands  of  alloys  to  determine  these  nine  ternary  systems  using  the 
traditional  one-alloy-at-a-time  (equilibrated  alloy)  approach.  For  instance,  it  took 
Goldschmidt  and  Brand  [15]  about  220  alloys  to  map  just  the  Nb-Cr-Si  ternary  system 
and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [16]  to  determine  the  Ti- 
Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are  difficult  to  make 
and  to  homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial  (oxygen, 
nitrogen,  carbon,  etc.)  contamination  during  alloy  casting  and  heat  treatment.  In  contrast, 
the  diffusion  multiple  approach  needs  only  a  few  cast  alloys  and  the  samples  were  easy  to 
make,  and  safe-guarding  against  the  interstitial  contamination  can  be  very  easily 
implemented  as  will  be  discussed  later.  The  general  diffusion  multiple  approach  is 
discussed  in  detail  previously  [11-14]  and  has  been  successfully  applied  to  many  alloy 
systems. 

Seven  kinds  of  diffusion  multiples  with  the  cross-section  view  shown  schematically  in 
the  Fig.  1(a)  were  made.  For  samples  AF-1  to  AF-4,  the  inner  and  outer  circle  diameters 
were  15.6  and  25.4  mm  respectively.  We  later  changed  the  inner  components  of  the 
diffusion  multiples  in  AF-5  to  AF-7  to  square  shapes  with  the  dimension  of  7  x  7  x  25 
mm  for  each  square  for  the  ease  of  sample  preparation.  These  dimensions  were  designed 
to  guarantee  that  the  dimensions  of  the  pure  element  and  alloy  pieces  are  much  larger 
than  the  diffusion  distance,  thus  there  will  be  pure  elements  left  after  the  long  term 
diffusion  anneal.  To  avoid  the  low  melting  region  of  the  ternary  phase  diagram,  we  used 
NbSi2,  NbAb,  TiSi2,  and  TiAL  compounds  as  members  of  the  diffusion  multiples.  All 
these  compounds  were  made  by  arc-melting.  They  were  then  cut  into  square  bars  of  7  x  7 
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x  25  mm  using  electro-discharge  machining  (EDM).  High  purity  Nb,  Cr,  Si  and  Ti  were 
machined  into  the  proper  shapes  (quarter  pies,  square  bars  and  round  shells,  Fig.  1(a))  by 
electro-discharge  machining  (EDM).  The  re-cast  layer  on  the  EDM’ed  surfaces  was 
removed  by  mechanical  grinding  to  make  clean  surfaces.  The  pieces  were  ultrasonically 
cleaned  in  methanol  and  then  assembled  into  the  geometry  shown  in  Fig.  1(a).  The  height 
of  all  pieces  was  25  mm.  The  assembled  diffusion  multiples  were  then  loaded  into  cans 
made  of  commercial  purity  Ti  (schematically  shown  in  Fig.  1(b)),  and  subjected  to  hot 
isostatic  pressing  (HIP)  1204  °C,  200  MPa  for  4  hours.  A  25-pm  thick  layer  of  Ta  foil 
was  placed  between  the  diffusion  multiples  and  the  HEP  cans  to  isolate  any  interstitial 
contaminants  that  may  diffuse  into  the  HIP  can  from  the  quartz  capsule  during  long  term 
annealing.  The  top  and  bottom  caps  of  the  HIP  can  were  electron  beam  welded.  The  HIP 
cans  containing  the  diffusion  multiples  were  then  encapsulated  in  evacuated  quartz  tubes 
backfilled  with  pure  argon.  Since  both  Nb  and  Ti  are  susceptible  to  oxygen  and  nitrogen 
contamination,  it  is  critical  to  keep  the  diffusion  multiples  from  interstitial  elements.  To 
further  absorb  any  oxygen  that  might  diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium 
was  wrapped  in  Ta  foils  and  was  then  placed  inside  each  quartz  tube.  Thus,  the  diffusion 
multiples  were  protected  from  the  interstitials  (O,  N,  C,  etc.)  by  the  quartz  tube,  the  pure 
yttrium  absorber,  the  Ti  HEP  can,  and  the  Ta  diffusion  barrier.  The  encapsulated  samples 
were  then  annealed  in  argon  at  different  temperatures  (1200°C  for  1000  hrs,  1150°C  for 
2000  hrs,  and  1000  °C  for  2000  or  4000  hrs).  Identical  diffusion  multiples  were  made  and 
each  was  annealed  at  one  temperature.  After  the  heat  treatment,  the  diffusion  multiples 
were  taken  from  the  furnace  and  cooled  down  to  ambient  temperature  by  breaking  the 
quartz  tube  and  quenching  the  diffusion  multiples  into  water.  The  diffusion  multiples 
were  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and  polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially 
the  backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not 
identified  explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic 
weight.  Quantitative  EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France) 
microprobe  using  15  kV  voltage,  40  nA  current  and  a  40°  take-off  angle.  Electron 
backscatter  diffraction  (EBSD)  analysis  was  performed  to  obtain  crystal  structure 
information  of  the  phases  formed  in  the  diffusion  multiple.  Phase  identification  was 
accomplished  by  a  direct  match  of  the  diffraction  bands  in  the  experimental  backscatter 
pattern  with  simulated  patterns  generated  using  known  structure  types  and  lattice 
parameters.  A  detailed  discussion  on  this  powerful  EBSD  technique  can  be  found  in 
Schwartz  et  al.  [17]. 

Several  SEM  backscatter  electron  images  are  shown  in  Fig.  2  as  examples  of  the 
formation  of  all  the  intermetallic  compounds  by  thermal  interdiffusion.  By  performing 
EPMA  analysis  in  the  tri-junction  areas,  extremely  large  amounts  of  phase  equilibrium 
information  were  obtained.  Based  on  the  compositional  information  from  EPMA,  EBSD 
analysis  was  performed  to  identify  the  crystal  structure  of  most  phases  that  were  difficult 
to  define  based  on  the  composition  alone.  EBSD  is  extremely  useful  for  this  system  since 
several  phases  have  compositions  very  close  to  one  another  and  EPMA  data  alone  would 
not  be  enough  to  differentiate  them.  For  instance,  the  compositions  of  the  phases 
(Cr,Nb)6Si5  and  (Cr,Nb)iiSis  in  the  Nb-Cr-Si  ternary  system  are  very  similar,  without 
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EBSD  it  would  require  time-consuming  transmission  electron  microscopy  (TEM)  and 
electron  diffraction  analysis  to  tell  them  apart.  Also,  the  ternary  NbCrSi  phase  sits  right 
on  the  same  Nb  concentration  as  the  C 14  Laves  phase,  it  would  have  been  very  easy  to 
mistakenly  plot  the  C14  Nb(Cr,Si)2  Laves  phase  region  (line)  all  the  way  to  the  NbCrSi 
composition.  The  EBSD  results  helped  us  correctly  interpret  the  data.  Some  EBSD 
patterns  of  the  intermetallic  phases  are  shown  in  Fig.  3. 

The  phase  diagrams  obtained  from  the  seven  diffusion  multiples  are  shown  in  Fig.  4. 
These  phase  diagrams  have  been  compared  to  the  available  results  in  the  literature  and 
the  detailed  comparisons  can  be  found  in  the  attached  papers  detailing  the  results  of 
individual  systems. 

We  found  that  diffusion  multiples  make  it  easier  to  form  equilibrium  phases  especially 
for  alloys  with  very  sluggish  decomposition  kinetics.  This  is  somewhat  counter-intuitive: 
one  would  think  that  the  equilibrated  alloy  method  (melting,  casting  and  heat  treatment  of 
individual  alloys)  is  the  ultimate  “gold-standard”  for  equilibrium.  However,  since  it 
involves  the  process  of  solidification  and  heat  treatment,  true  equilibrium  can  be  difficult 
to  reach  if  the  solid-state  decomposition  process  is  sluggish  for  some  of  the  phases  (as  in 
the  case  of  several  Nb-base  systems).  For  instance,  the  pNbsSL  which  was  formed 
directly  from  solidification  (from  its  primary  liquidus  surface)  and  which  is  not  an 
equilibrium  phase  for  the  Nb-Cr-Si  ternary  system  at  1000°C,  did  not  decompose  to  the 
equilibrium  phases  after  annealing  at  1000°C  for  336  hours  [see  the  attached  Nb-Cr-Si 
paper  for  detail].  Alternatively,  to  avoid  the  solidification  phase  formation  /  segregation, 
to  shorten  diffusion  distances,  and  to  equilibrate  more  quickly,  a  powder  metallurgy 
(solid  state  reaction  of  elemental  powders)  approach  would  be  preferred.  We  found  an 
excellent  example  to  illustrate  this  case  during  our  study  of  the  Nb-Cr-Al  system.  Hunt 
and  Raman  [18]  used  the  melting  and  annealing  method  whereas  Mahdouk  and  Gachon 
[19]  employed  solid-state  reaction  of  fine  powders  (without  melting)  to  determine  the 
same  ternary  phase  diagram.  Both  groups  annealed  the  samples  at  1000°C  for  168  hours 
(1  week).  The  alloys  of  Mahdouk  and  Gachon  reached  equilibrium  near  the  Cl 4  Laves 
phase,  whereas  the  off-stoichiometric  alloys  near  the  C14  Laves  phase  melted  by  Hunt 
and  Raman  did  not  decompose  into  the  equilibrium  phases.  This  clearly  shows  the 
advantage  of  the  power  metallurgy  route  in  reaching  equilibrium  for  very  high 
temperature  alloys.  The  powder  metallurgy  route  also  has  its  drawbacks.  It  is  very  easy  to 
introduce  oxides  or  nitrides  or  moisture  at  fine  particle  surfaces,  thus  contaminating  the 
samples  and  potentially  causing  interstitial  stabilization  of  non-equilibrium  phases.  Here 
again  the  diffusion-multiple  method  can  be  superior. 

In  the  diffusion  multiples,  there  are  no  problems  associated  with  melting  or  powder 
contamination  since  all  the  phases  form  by  diffusion  reactions  of  bulk  constituents  at  the 
temperature  of  interest  (heat  treatment).  The  phases  formed  should  all  be  equilibrium 
phases  and  local  equilibrium  at  the  phase  interface  would  give  the  equilibrium  phase 
diagram.  However,  the  diffusion-multiple  approach  is  not  fool-proof  either:  in  rare 
occasions  one  of  the  phases  does  not  form  by  interdiffusion  reactions.  The  exact  reason 
for  this  is  still  not  well  understood.  However,  for  phases  with  narrow  stoichiometry 
surrounded  by  phases  with  broad  stoichiometry  and  higher  diffusivity,  the  phases  with 
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narrow  stoichiometry  may  be  reduced  to  interfacial  phases  (near  zero  thickness)  for  lower 
temperatures.  Fortunately,  all  these  instances  occurred  at  temperatures  below  half  of  the 
homologous  melting  points.  Even  though  the  occurrence  was  very  rare,  when  using 
diffusion  couples  and  diffusion  multiples  in  mapping  phase  diagrams  one  should  always 
be  watchful  for  the  possibility  of  missing  phases  (especially  at  low  temperatures).  In  all 
our  nine  ternary  systems,  we  are  very  confident  that  the  phase  diagrams  we  obtained  are 
equilibrium  ones  since  all  the  binary  phases  appeared  and  all  the  confirmed  ternary 
compounds  were  observed.  It  is  always  a  good  check  to  see  whether  all  the  binary  phases 
and  reported  ternary  phases  appear. 

The  efficiency  gain  we  obtained  from  the  diffusion  multiples  was  tremendous  which  was 
clearly  shown  in  Fig.  4.  It  would  take  more  than  a  thousand  individual  alloys  to  map 
these  phase  diagrams.  Based  on  our  very  positive  experience  of  this  AFOSR  program, 
we  have  now  extended  the  diffusion  multiples  to  even  higher  efficiency.  For  instance,  we 
can  now  map  10  phase  diagrams  from  a  single  diffusion  multiple  [13-14].  The 
experience  we  gained  from  this  AFOSR  program  is  the  base  for  such  advancement. 

The  results  shown  in  Fig.  4  give  us  a  much  clearer  understanding  of  the  phase  stability  in 
Nb  silicide  based  composites,  especially  for  phase  stability  of  Laves  phases  and  silicides. 
We  have  have  mapped  all  the  ternary  systems  (except  for  Al-Cr-Si)  related  to  the  four 
quaternary  systems:  Ti-Si-Cr-Al,  Nb-Ti-Si-Cr,  Nb-Ti-Si-Al,  and  Nb-Ti-Cr-Al,  as 
schematically  shown  in  Fig.  5.  Our  work  has  cleared  much  confusion  in  these  systems 
and  makes  the  work  of  thermodynamic  modeling  much  more  straight-forward. 

Our  results  serve  as  the  base  for  constructing  a  thermodynamic  database  for  the  Nb-Si-Ti- 
Cr-Al-Hf  system  at  the  University  of  Wisconsin  [10,20,21], 
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Figure  1.  Diffusion  multiple  for  efficient  mapping  of  ternary  phase  diagrams  critical  to  the 
design  of  Nb  silicide  composites:  (a)  cross-sectional  view  of  7  different  diffusion  multiples; 
and  (b)  perspective  view.  See  text  for  the  size  of  the  sample.  All  the  results  reported  here 
were  obtained  from  the  tri-junction  areas  circled  in  (a). 
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Figure  2.  Backscatter  electron  SEM  images  of  tri-junction  areas  of  the  diffusion  multiples  (Fig.  1)  annealed  at 
various  temperatures  for  extended  periods  of  time  showing  the  formation  of  many  different  phases  and 
intermetallic  compounds:  (a)  Nb-Cr-Si  tri-junction  of  a  diffusion  multiple  annealed  at  1000°C  for  4000hrs;  (b) 
Nb-Ti-NbAlj  tri-junction  of  a  diffusion  multiple  annealed  at  1200°C  for  lOOOhrs;  (c)  Nb-Ti-Si  tri-junction  of  a 
diffusion  multiple  annealed  at  1 150°C  for  2000hrs;  (d)  Nb-Ti-Cr  tri-junction  of  a  diffusion  multiple  annealed  at 
1 150°C  for  2000hrs;  (e)  Ti-Cr-Si  tri-junction  of  a  diffusion  multiple  annealed  at  1200°C  for  lOOOhrs;  and  (f) 
Nb-NbSi2-NbAl3  tri-junction  of  a  diffusion  multiple  annealed  at  1000°C  for  2000  hrs 
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Figure  2.  Continued 


Figure  3.  EBSD  patterns  of  several  intermetallic  compounds:  (a)  and  (b):  NbSi2;  (c)  and  (d):  (Cr,Nb)6Si5; 
and  (e)  and  (f):  t-Ll,  (Ti2CrAl5).  The  un-indexed  patterns  are  on  the  left  and  the  indexed  patterns  on  the 
right.  EBSD  is  a  very  critical  tool  for  crystal  structure  identification. 
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Figure  4.  Isothermal  sections  of  the  nine  ternary  systems  obtained  from  the  tri-junction  areas  of  the  seven 
diffusion  multiples  shown  in  Fig.  1.  The  phase  diagrams  are  plotted  in  atomic  percent  axes  with  the  numbers 
removed  for  simplicity.  The  solid  triangles  indicate  well-defined  three-phase  equilibria  and  the  open  circles 
show  the  tie-line  compositions.  The  tie-lines  are  shown  with  dotted  lines.  The  dashed  triangles  are 
hypothesized  three-phase  equilibria. 
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A  Combinatorial  Approach  for 
Structural  Materials** 

By  Ji-Cheng  Zhao* 

Structural  materials  such  as  superalloys  and  steels  provide 
the  mechanical  properties  for  building  jet  engines,  power  gen¬ 
eration  turbines,  cars,  etc.  that  are  everywhere  in  our  lives. 
Structural  materials  development  work  is  currently  very  time- 
consuming  and  expensive  by  handling  one  composition  at  a 
time  for  synthesis  and  testing  of  properties.  The  high-effidency 
combinatorial  approaches  used  for  parallel  synthesis  and 
screening  of  large  composition  libraries  of  drugs*1 5  and  func¬ 
tional  materials*2-63  inspire  the  possibility  of  rapid  screening  of 
structural  materials.  Because  bulk  properties  are  required  for 
structural  materials,  the  existing  approaches  for  solid-state 
functional  materials  using  thin  film  deposition*2-61  are  difficult 
to  apply  to  structural  materials  screening.  Here  I  describe  a  dif¬ 
ferent  methodology — the  "diffusion  multiple" — that  generates 
large,  multicomponent  composition  variations  (libraries)  in 
bulk  samples  through  thermal  interdiffusion.  The  coupling  of 
diffusion  multiples  with  micro-scale  composition-phase-prop¬ 
erty  measurements  constitutes  a  powerful  combinatorial  ap¬ 
proach  for  structural  materials  research  and  development. 

A  diffusion  couple  is  simply  a  pair  of  metal  (or  ceramic) 
blocks  of  different  composition,  placed  in  intimate  interfacial 
contact,  and  subjected  to  interdiffusion  at  a  high  temperature 
under  the  imposed  chemical  potential  gradient.  It  has  long 
been  used  to  determine  phase  diagrams  and  evaluate  diffu¬ 
sion  coefficients.171  An  illustrative  example  of  a  diffusion  cou¬ 
ple  is  shown  in  Figure  la  for  pure  Ni  in  contact  with 
Nio.sAlo.s  (NiAl).  It  was  made  by  physically  placing  a  3  mm 
thick  Ni  piece  against  a  3  mm  thick  single-crystal  of  NiAl. 
The  two  blocks  were  intimately  joined  together  by  hot  iso¬ 
static  pressing  (HIP)  at  1204  °C  for  4  h  under  a  200  MPa  of 
argon  pressure.  After  heating  the  diffusion  couple  for  another 
100  h  in  vacuum  at  1204  °C,  substantial  interdiffusion  be¬ 


was  formed.  Figure  lb  shows  the  concentrations  of  Ni  and  A1 
as  a  function  of  distance  as  measured  by  the  electron  probe 
microanalysis  (EPMA)  method.*81  Pure  Ni  has  a  face-centered 
cubic  lattice  and  forms  a  solid  solution  with  A1  called  the 
y-phase.  Similarly,  NiAl  has  an  ordered  body-centered  cubic 
lattice  and  forms  a  solid  solution  with  excess  Ni  called  the 
/J-phase.  The  formation  of  the  y'-phase  between  y  and  ft  creat¬ 
ed  two  interfaces,  one  between  y  and  y'  and  the  other  be¬ 
tween  y'  and  p  phases,  which  can  be  understood  by  looking 
at  points  0  to  5  in  Figure  lb  and  comparing  them  with  the 
known  phase  diagram  shown  in  Figure  lc.  The  local  phase 
equilibrium  at  the  interfaces  is  the  basis  for  using  diffusion 
couples  to  determine  phase  diagrams.171  The  libraries  of  sin¬ 
gle-phase  compositions  created  in  diffusion  couples  by  inter¬ 
diffusion,  e.g.,  0  to  18  at.-%  of  A1  for  the  y-phase  in  Figure  lb, 
have  been  used  in  the  past  for  evaluating  phase  diagrams 
and  diffusion  coefficients  but  have  not  been  employed  for 
combinatorial  surveys  of  properties. 

In  this  light,  I  performed  a  systematic  survey  of  mechani¬ 
cal  properties  on  the  composition  libraries  generated  in  the 
Ni-NiAl  diffusion  couple  by  taking  advantage  of  the  im¬ 
proved  micro-mechanical  testing  equipment  with  a  nano¬ 
sized  indenter.  This  nano-indentation  test  monitors  both  load 
and  displacement,  and  can  evaluate  both  hardness  and  elastic 
modulus  simultaneously.19,103  A  plot  of  hardness  as  a  function 
of  Al-concentration  in  the  different  phases  is  shown  in  Fig¬ 
ure  Id.  The  hardness  of  the  y-phase  increased  from  -3.3  to 
4.5  GPa  as  the  Al-concentration  increased  from  0  to  -13  at.-% 
and  was  caused  by  a  solution-hardening  effect,  a  situation 
where  dissimilar  atoms  distort  the  crystal  lattice  and  make 
dislocations  difficult  to  move.  A  further  significant  increase 
in  hardness  was  observed  for  the  Al-rich  compositions  (13  to 
18  at.-%  Al)  of  the  y-phase.  This  is  highlighted  in  Figure  Id 
and  is  related  to  precipitation  hardening  where  fine  y'  parti¬ 
cles,  formed  in  the  y-matrix  when  the  diffusion  couple  was 
cooled  from  1204  °C  to  room  temperature  in  the  vacuum  fur¬ 
nace,  obstruct  the  movement  of  dislocations.  Precipitation 
hardening  is  an  important  mechanism  for  structural  materials 
design.  It  provides  most  of  the  strength  to  advanced  Ni-based 


tween  Ni  and  Al  took  place  and  a  reaction  phase,  Ni3Al  (y0, 
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superalloys  and  requires  the  condition  of  supersaturation, 
i.e.,  where  the  Al  solubility  in  the  y-phase  decreases  with  low¬ 
ering  temperatures  (e.g.,  18  and  13  at.-%  at  1204  and  800  °C 
respectively).  Figure  lc.  By  varying  the  cooling  rate  and/ or 
subsequent  heat  treatment  of  the  diffusion  couples,  valuable 
information  on  precipitation  kinetics  may  be  obtained  simul¬ 
taneously  for  a  library  of  compositions.  This  new  combinator¬ 
ial  way  of  evaluating  precipitation  kinetics  is  significant  since 
such  information  would  be  very  time-consuming  and  expen¬ 
sive  to  obtain  using  the  conventional  one-alloy-at-a-time 
approach.  Although  not  shown  in  Figure  1,  the  elastic  modu¬ 
lus  of  the  y-phase  was  also  measured  and  found  to  be 
-200  GPa,  and  it  did  not  vary  significantly  with  Al-content. 

Extending  the  concept  from  binary  systems  into  multicom¬ 
ponent  systems,  a  "diffusion  multiple"  was  employed  to  gen¬ 
erate  libraries  of  multicomponent  compositions  for  combina- 
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Fig.  1.  Application  of  a  diffusion  couple  to  create  libraries  of  single-phase  compositions  for  combinatorial  surveys  of  pre¬ 
cipitation  kinetics,  phases  and  properties:  a)  a  diffusion  couple  made  up  of  Ni  and  NiAl,  b)  composition  profiles  of  the  dif¬ 
fusion  couple  after  heat  treated  at  1204  °Cfor  100  h,  c)  Ni-rich  side  of  the  Ni-Al  phase  diagram  (Points  0to5  correspond 
to  these  same  points  in  b  in  composition),  and  d)  the  composition-phase-property  (hardness)  data  obtained  by  performing 
nano-indentation  tests  on  the  composition  libraries,  showing  the  solution  hardening  and  precipitation  hardening  effects. 


tonal  surveys  of  critical  materials  properties.  A  diffusion 
multiple  is  an  assembly  of  three  or  more  different  metal  (or 
ceramic)  blocks,  in  intimate  interfacial  contact,  arranged  as  a 
triple,  quadruple,  etc.  and  subjected  to  a  high  temperature  to 
allow  thermal  interdiffusion.  Diffusion  triples  (introduced  by 
Hasebe  and  Nishizawa1111  for  simple  ternary  systems  and 
demonstrated  by  Jin  et  al.112,131  for  complex  systems  with 
intermetallic  compounds)  and  quadruples1141  have  been  used 
before  to  efficiently  map  ternary  and  quaternary  phase  dia¬ 
grams;  however,  they  were  not  widely  adopted,  partly  due  to 
the  difficulty  in  making  good  contacts  at  the  tri-junctions  and 
quadri-junctions.  A  new  five-part  assembly  like  the  one 
shown  in  Figure  2a  was  designed  to  overcome  the  sample¬ 
making  difficulty  and  to  combine  diffusion  couples  (dotted 
lines),  triples  (dashed  square),  and  a  quadruple  (dashed  cir¬ 
cle)  into  one  sample.  This  assembly  greatly  increases  the  effi¬ 
ciency  of  generating  composition  libraries.  Figure  2a.  The  use 
of  alloy  IN706  as  one  component  of  the  diffusion  multiple 
was  intended  to  study  the  effect  of  Mo,  Ni,  and  Fe  modifi¬ 
cations  of  composition  on  the  properties  of  the  alloy.  IN706  is 
a  Ni-based  superalloy  having  a  composition  [in  at.-%]  of 
40.06 Ni~38.0 Fe-17.4 Cr-2.1  Ti-l.SNb-0.5  A1-0.14C.  The  pure 
elements  of  Ni,  Mo  and  Fe  and  IN706  were  cut  into  quarter- 
pie  shapes  and  placed  into  four  different  quadrants  as  shown 
in  Figure  2a.  This  assembly  was  placed  inside  a  pure  Ni  tube 
with  Ni  caps  and  welded  in  vacuum  using  an  electron  beam. 


Figure  2b.  The  welded  assembly  was 
treated  by  HEP  for  4  h  at  1100  °C  un¬ 
der  a  200  MPa  pressure  to  provide 
good  contacts  among  the  elements 
and  the  alloy.  The  assembly  was  then 
heated  for  1500  h  at  1100 °C  to  cause 
extensive  interdiffusion.  Finally  the 
diffusion  assembly  was  cut  through 
its  central  region  parallel  to  the  end 
caps  and  the  cut  surfaces  polished  flat 
for  quantitative  microchemical  analy¬ 
ses  and  mechanical  property  surveys. 

The  results  from  the  Ni-Mo-Fe 
triple  at  the  rim  of  the  diffusion  multi¬ 
ple  (highlighted  in  Fig.  2a)  are  shown 
in  Figures  2c-e.  All  the  intermetallic 
compounds,  both  binary  and  ternary, 
NiMo  (<5),  Fe7Mo6  (u)  and  FenNi36_ 
Mo53  (P  phase1151),  formed  by  diffusion 
reactions.  Figure  2c  (All  these  com¬ 
pounds  have  previously  been  ob¬ 
served  in  cast,  equilibrated  alloys1151). 
By  performing  EPMA  over  the  Ni- 
Mo-Fe  triple  region  (Fig.  2c),  the  entire 
isothermal  section  of  this  ternary 
phase  diagram  was  obtained,  Fig¬ 
ure  2d.  For  instance,  the  left-hand 
edge  (points  0  to  5)  of  the  diffusion 
triple  (Fig.  2c)  is  a  binary  Ni-Mo  dif¬ 
fusion  couple,  since  Fe  could  not  reach  there  by  diffusion.  Si¬ 
milarly,  points  5  to  12  at  the  top  edge  of  the  triple  gave  binary 
Mo-Fe  equilibria,  and  points  12  to  14  at  the  right-hand  edge 
gave  the  binary  Fe-Ni  information  (Fe  and  Ni  are  completely 
soluble  at  1100  °C).  Closer  to  the  centre  of  the  triple,  more  in¬ 
terdiffusion  of  the  three  elements  was  achieved,  thus  ternary 
phase  equilibrium  information  was  obtained.  Therefore,  only 
one  triple  is  needed  to  map  a  whole  isothermal  section  of  a 
ternary  phase  diagram.111-131  The  Ni-Mo-Fe  phase  diagram  ob¬ 
tained  from  the  diffusion  multiple  agrees  very  well  with  that 
measured  from  equilibrated  alloys.1151  Since  a  diffusion  triple 
maps  all  the  phases  in  a  ternary  system,  it  can  be  used  to  effec¬ 
tively  screen  for  the  possible  appearance  of  new  intermetallic 
compounds  and  to  map  phase  diagrams  for  alloy  design. 

Again  a  very  important,  but  unexplored,  feature  of  a  diffu¬ 
sion  triple  is  its  ability  to  generate  full  libraries  of  all  the  sin¬ 
gle-phase  compositions.  It  is  clear  that  points  0-1-15-16-11- 
12-13-14—0  in  Figure  2c  correspond  to  those  same  points  in 
Figure  2d  in  composition  and  they  envelop  the  entire  compo¬ 
sition  region  of  the  y-phase.  I  note  and  demonstrate  that  this 
full-composition  library  of  single-phase  regions  can  be 
employed  for  efficient  and  systematic  surveys  of  properties 
and  precipitation  micro  structures  and  kinetics.  For  instance, 
by  performing  nano-indentation  tests,19,101  the  composition- 
phase-property  data  were  obtained  for  the  Ni-Mo-Fe  ternary 
system.  Figure  2e  shows  the  collected  hardness  and  modulus 
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Fig.  2.  Diffusion  multiple  to  generate  large  multicomponent  composition  libraries  in  a  bulk  sample  for  combinatorial 
surveys  of  phases,  crystal  structures ,  phase  diagrams ,  properties,  and  composition-phase-property  data:  a)  geometry  of  a 
diffusion  multiple  (cross-sectional  view)  consisting  of  diffusion  couples  (dotted  lines),  triples  (dashed  squares),  and  a 
quadruple  (dashed  circle),  b)  method  of  making  the  diffusion  multiple  using  electron  beam  welding  and  HIP,  c)  interme- 
tallic  compowuis  and  solid-solution  phases  formed  by  interdiffusion  reactions  among  the  elements  in  the  Ni-Mo-Fe  dif¬ 
fusion  triple  (highlighted  in  a)  after  heat  treatment  at  1 100  °C  for  1500  h,  d)  the  whole  1100  "C  isothermal  phase  diagram 
of  Ni-Mo-Fe  (composition  scale  in  at.-%)  obtained  from  the  diffusion  triple  (Points  0  to  16  corresponds  to  these  same 
points  in  composition  in  c),  e)  variation  of  hardness  and  elastic  modulus  with  Mo  content  in  the  y-phase  as  measured  by 
nano-indentation,  and  f)  TN706-Fe-Mo  (with  Cr  superimposed)  pseudo-ternary  section  of  a  multicomponent  phase  dia¬ 
gram  obtained  from  a  IN706-Fe-Mo  diffusion  triple  (the  composition  of  all  other  elements  were  obtained  but  not  plotted 
for  simplicity). 


data  of  different  Fe  and  Mo  concentrations  in  the  y-phase 
plotted  against  Mo-content  only.  The  degeneration  of  all  the 
hardness  data  into  a  single  curve  indicates  that  Fe  has  little 
effect  on  the  hardness  and  modulus  of  the  y-phase,  whereas 
Mo  is  a  potent  solution  hardener  (but  has  little  effect  on  mod¬ 
ulus).  For  solid  solutions,  there  is  a  strong  correlation  be¬ 
tween  hardness  and  yield  strength  (more  precisely  flow 
stress),  thus  Mo  should  be  a  potent  strengthener  for  the 
y-phase.  The  average  hardness  values  of  the  <5  and  u  phases 


were  15.1  and  13.7  GPa  respectively 
(much  higher  than  that  of  y,  <7  GPa), 
but  their  moduli  (235  and  238  GPa  re¬ 
spectively)  were  only  slightly  higher 
than  that  of  y.  Such  composition- 
phase-property  relations  are  very  val¬ 
uable  for  structural  materials  design. 

A  multicomponent  alloy — the  7- 
element  alloy  IN706  as  an  example — 
can  be  used  as  a  member  of  a  diffu¬ 
sion  multiple  to  directly  map  multi- 
component  phase  diagrams  and  to 
generate  multicomponent  composi¬ 
tion  libraries  for  rapid  surveys  of  criti¬ 
cal  mechanical  and  compositional 
properties.  An  IN706-Fe-Mo-Ni  dif¬ 
fusion  multiple  was  made  to  evaluate 
the  possibility  of  further  strengthen¬ 
ing  IN706  by  adding  Mo.  The  ob¬ 
tained  IN706-Mo-Fe  pseudo-ternary 
multicomponent  phase  diagram  is 
shown  in  Figure  2f  (The  lower-left 
comer  of  the  phase  diagram  rep¬ 
resents  a  hypothetical  composition 
where  the  38  at.-%  Fe  in  IN706  is  re¬ 
placed  by  38  at.-%  Ni,  i.e.,  a  hypothe¬ 
tical  IN706  composition  without  Fe  so 
that  the  diagram  can  be  plotted  from 
0  at.-%  Fe  to  100  at-%  Fe  in  the  hori¬ 
zontal  axis).  The  result  shows  that  no 
Mo  could  be  directly  added  to  1N706 
without  forming  the  brittle  //-phase. 
Only  when  the  Cr  content  is  reduced 
to  ~10  at.-%  and  the  Fe  content  in¬ 
creased  to  -60  at.-%,  will  1  at.-%  Mo 
addition  become  possible  (at  1100  °C). 
The  maximum  Mo  addition  is  2  at.-% 
and  further  reduction  of  Cr  and  in¬ 
crease  of  Fe  do  not  change  the  Mo 
solubility  in  the  y-phase.  This  kind  of 
multicomponent  phase  diagram  can 
be  directly  used  for  alloy  design,  and 
it  can  also  be  used  to  test  and  improve 
thermodynamic  modeling  parameters 
for  computational  design  of  materi¬ 
als.116,171  In  addition,  precipitation  ki¬ 


netics  and  composition-property  data  can  be  efficiently  evalu¬ 
ated  from  the  multicomponent  composition  libraries  created 
in  the  diffusion  multiples  in  a  similar  way  as  demonstrated 
with  the  Ni-NiAl  diffusion  couple  and  the  Ni-Mo-Fe  diffu¬ 
sion  triple. 

An  automated  electron  backscatter  diffraction  (EBSD)  tech¬ 
nique  was  employed  to  identify  the  crystal  structures  of 
phases  in  the  diffusion  couples  and  multiples.  EBSD  is  an 
electron  diffraction  technique  used  in  scanning  electron 
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microscopy  (SEM).  Phase  identification  was  accomplished  by  limited  by  the  lowest  liquidus  temperature  of  the  multicom- 

a  direct  match  of  the  diffraction  bands  (similar  to  Kikuchi  ponent  system  which  may  not  be  known  a  priori.  When  the 

bands)  in  the  experimental  pattern  with  simulated  patterns  liquidus  is  low,  it  may  take  a  long  time  to  promote  sufficient 

generated  using  known  structure  types  and  lattice  parame-  interdiffusion  for  a  reliable  evaluation  of  properties. 

ters.[183  Recent  advancement  in  algorithms  and  computer  pro-  The  properties  of  structural  materials  are  microstructure 
grams  in  automated  EBSD  systems  makes  it  possible  to  per-  dependent,  and  desired  microstructures  can  be  difficult  to 

form  rapid  pattern  collection  and  recognition  (indexing)  from  achieve  in  thin  films,  especially  when  the  scale  of  the  micro¬ 
small  (-2  pm)  areas  at  about  5000  points  an  hour.  structure  is  larger  than  the  film  thickness.  Moreover,  phase 

Useful  tensile  strength  of  structural  materials  is  a  combina-  precipitation  kinetics  and  diffusivities  are  usually  very  differ- 

tion  of  three  properties:  plastic  hardness  (i.e.,  resistance  to  ent  in  bulk  samples  than  in  thin  films  due  to  surface  effects, 

yielding),  elastic  stiffness  (i.e.,  elastic  modulus),  and  tough-  thus  data  evaluated  from  thin  films  cannot  be  directly  used  to 

ness  (i.e.,  resistance  to  crack  failure).1193  Recent  advancement  design  bulk  structural  materials.  In  addition,  the  usually 

in  nano-indentation  tests  enables  rapid  evaluation  of  hard-  small  grain  size  of  thin  film  samples  may  produce  additional 

ness  and  modulus,  and  even  fracture  toughness1203  of  brittle  (microstructural)  hardening  to  confound  the  solution  harden- 

phases  from  small  areas  (-10  pm)  in  bulk  samples.  Pharr  et  ing  and  precipitation  hardening  effect.  All  these  properties 

al.1201  found  that  the  cube-comer  indenter  greatly  reduces  the  can  be  efficiently  evaluated  from  the  bulk  diffusion  multiples, 

load  required  to  generate  cracks  in  brittle  phases  as  compared  Note  that  the  intermetallic  compounds  formed  in  diffusion 

to  the  regular  Vickers  indenter.  If  the  indentation-generated  multiples  are  equilibrium  phases;  whereas  those  in  thin  films 

cracks  are  within  the  dimensions  of  individual  intermetallic  can  sometimes  be  metastable  phases  and  it  would  take  some 

phases  formed  in  diffusion  multiples,  then  the  fracture  tough-  effort  to  promote  equilibrium  phase  formation  by  varying  the 

ness  can  be  evaluated  using  the  simple  equation  developed  deposition  and  heat  treatment  temperatures  and  sequences.361 

by  Lawn  et  al.I21,22]  This  kind  of  combinatorial  survey  has  its  In  summary,  multicomponent  composition  libraries  can  be 
advantage  since  sometimes  it  takes  quite  some  effort  to  generated  in  bulk  diffusion  multiples  through  high-tempera- 

synthesize  macro-scale  samples  of  these  brittle  intermetallics  ture  thermal  diffusion  for  a  combinatorial  development  of 

through  casting  or  powder  metallurgy  routes.  As  more  materials.  This  technique  can  be  used  to  map  multicompo¬ 
understanding  is  achieved  on  the  elasto-plastic  behavior  of  nent  phase  diagrams,  search  for  novel  compounds  in  multi- 

nano-indentation,  it  is  even  possible  to  extract  yield  strength  component  systems,  determine  diffusion  coefficients  from  the 

of  materials  from  the  load  and  displacement  curves. 323,241  composition  profiles,  evaluate  precipitation  kinetics,  study 

Compared  to  the  conventional  one-alloy-at-a-time  approach,  effects  of  compositional  modification  of  complex  alloys,  and 

rapid  analyses  on  the  composition  libraries  generated  in  paral-  map  composition-structure-property  data. 

lei  by  diffusion  multiples  greatly  reduce  the  time  in  each  step  „  .  ,  w 

,  .  ,7  . ,  *  ..  ,  .  .  Received:  November  2,2000 

of  making  an  ingot  of  individual  composition,  homogenizing 
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it,  preparing  a  sample,  and  loading  it  into  different  testing  sys¬ 
tems.  The  efficiency  gain  is  especially  large  for  measurement  - 

systems  with  a  vacuum,  such  as  SEM,  EPMA,  EBSD,  etc.  The  [1]  R.  A.  Houghten,  Proc.  Natl  Acad .  Sci.  USA  1985, 82,5131. 

time  to  change  samples  and  to  wait  until  the  desired  vacuum  [2]  X.-D.  Xiang,  X.  Sun,  G.  Briceno,  Y.  Lou,  K.-A.  Wang, 

level  is  attained  can  amount  to  a  significant  part  of  the  analysis  H.  Chang,  W.  G.  Wallace-Freedman,  S.-W.  Chen,  P.  G. 

time.  Schultz,  Science  1995, 268, 1738. 

The  multicomponent  compositional  libraries  generated  in  [3]  G.  Briceno,  H.  Chang,  X.  Sun,  P.  Schultz,  X.-D.  Xiang, 
the  diffusion  multiples  are  continuous  for  single-phase  com-  Science  1995, 270, 273. 

positions.  Thus,  it  is  difficult  to  compare  the  size  of  this  [4]  E.  Danielson,  H.  Golden,  E.  W.  McFarland,  C.  M.  Reeves, 
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spontaneously  protecting  alloy  surface  when  exposed  to  the 
environment,  for  example  by  damage  via  a  scratch  on  the  sur¬ 
face  of  an  aircraft  component,  and  ii)  exhibit  an  enhanced 
plasticity  relative  to  prior  art  by  having  an  increased  number 
of  active  crystal  slip  systems. 

Both  attributes  require  the  manufacture  of  magnesium- 
based  solid  solution  alloys  showing  greatly  extended  solid 
solubilities  without  undue  increase  in  density,  toxicity,  or 
susceptibility  to  thermal  decomposition  as  a  result  of  alloying 
elements.  "Autopassivity"  is  an  engineering  property  which 
requires  that  the  environment  of  the  alloy  always  sees  a  statis¬ 
tically  identical  alloy  microstracture,  regardless  of  whether 
the  surface  is  intact  or  damaged.  It  is  obvious  that  such 
magnesium-based  solid  solution  alloys  must  be  resistant  to 
microstructural  degradation,  such  as  by  coarsening  upon 
thermomechanical  processing,  and  to  creep.  Conventional 
alloying  using  ingot  metallurgy  or  spray-formed  precursor 
product  forms  is  restricted  to  alloying  elements  that  involve 
an  undue  increase  in  density,  toxicity  and/or  susceptibility  to 
thermal  degradation  while  in  equilibrium  aMg-based  solid 
solution  (e.g..  In,  Pb,  Sn,  Bi,  Dy,  etc.  /  Tl,  Cd,  Th,  Pu  /  Li,  Al, 
Zn,  Ag)  or  they  are  unaffordable  (Sc). 

A  summary  of  the  observed  terminal  solid  solubility  exten¬ 
sions  (TSSEs)  of  binary  alloying  elements  in  aMg  is  repro¬ 
duced  in  Table  1.  Although  quite  remarkable  extensions  of 
solid  solubilities  by  melt  spinning  or  splat  cooling  a  magne¬ 
sium  alloy  melt  have  been  reported,[1'2J  through-thickness  of 
the  homogeneous  TSSE  microstructural  zone  was  usually  lim¬ 
ited  to  a  few  micrometers,  beyond  which  a  plane  solidification 
front  or  solute  trapping  broke  down  into  an  equilibrium  (e.g., 
dendritic)  microstructure.  The  TSSE  of  Al  in  aMg  was 
reported  to  decompose  within  some  months  at  room  tempera¬ 
ture  and  the  decomposition  rate  increased  with  increasing  lev¬ 
els  of  aluminum  in  a  magnesium-based  solid  solution.  The  at¬ 
tempt  to  achieve  thermally  more  stable  TSSE  in  a  magnesium- 
based  solid  solution  by  rapid  quenching  from  the  liquid  phase 
was  usually  frustrated  by  the  release  of  latent  heat,  imposing 
severe  dimensional  limits  on  the  undivided  volume  of  interest. 
The  need  to  develop  autopassive  magnesium  alloys  calls  for  a 
fresh  look  at  manufacturing  technology  for  continuous 
production  of  unlimited  volume  TSSE  Mg  alloys. 

Physical  vapor  deposition  (PVD)  has  been  shown131  to 
result  in  partitionless  growth  scales  of  TSSE  even  exceeding 


Table  1.  Selected  terminal  solid  solubility  extensions  (TSSE)  in  rapidly  solidified  Mg- 
alloys  (in  [at.  %]).  After  [10]. 


Solute 
in  Mg 

Max.  equit 
soliU  solubility 

TSSE 

RSP-method 

employed 

Al 

11.5 

22 

melt  spinning 

V 

3.5 

9.7 

piston-and-anvil  splats 

Ci 

0.98 

7 

rotating  wing  splats 

Sm 

1 

5.8 

rotating  wing  splats 

Zn 

2.8 

4.8 

rotating  wing  splats 

Pd 

0.23 

3.4 

rotating  wing  splats 

Ce 

0.09 

3.15 

rotating  wing  splats 

Mn 

1 

2.2 

rotating  wing  splats 

Ni 

0,04 

1.7 

rotating  wing  splats 
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A  methodology  is  developed  which  extends  the  combinatorial  approaches  to  structural 
materials  research  and  development.  This  high-efficiency  methodology  employs 
diffusion  couples  and  “diffusion  multiples”  to  create  large  variations  (libraries)  of 
compositions  in  bulk  samples  for  fast  and  systematic  surveys  of  bulk  properties. 

These  composition  libraries  coupled  with  microanalytical  techniques  such  as  electron 
probe  microanalysis,  electron  backscatter  diffraction  analysis,  and  nanoindentation  tests 
can  be  used  for  efficient  surveys  of  phases,  equilibria,  diffusion  coefficients, 
precipitation  kinetics,  properties,  and  composition-phase-property  relations  (such  as 
solution  hardening  and  strengthening  effect)  for  accelerated  design  of  multicomponent 
alloys. 


I.  INTRODUCTION 

Compared  to  the  conventional  one-alloy-at-a-time  ap¬ 
proach,  the  combinatorial  approaches  dramatically  in¬ 
crease  the  efficiency  of  materials  discovery  by  coupling 
parallel  syntheses  of  large  libraries  of  compositions  with 
an  effective  screening  for  desired  properties.1-6  The 
combinatorial  approaches  are  being  aggressively  pursued 
to  develop  new  functional  materials  with  novel  physical 
and  chemical  properties.1-6  These  approaches  using  thin- 
film  deposition,  however,  have  yet  to  find  applications  in 
developing  structural  materials  for  improved  mechanical 
properties.  Since  the  approaches  usually  generate  only  a 
very  small  volume  of  thin  film  for  each  composition,  it  is 
difficult  to  evaluate  properties  critical  to  structural  ma¬ 
terials  design.  For  instance,  the  properties  of  structural 
materials  are  microstructure  dependent,  and  desired  mi¬ 
crostructures  can  be  difficult  to  achieve  in  thin  films, 
especially  when  the  scale  of  the  micro  structure  is  larger 
than  the  film  thickness.  In  addition,  phase  precipitation 
kinetics,  which  is  also  critical  for  structural  materials 
design,  is  usually  very  different  in  bulk  samples  than 
in  thin  films;  thus,  the  kinetic  information  obtained  from 
thin-film  samples  cannot  be  used  for  bulk  structural  ma¬ 
terials  design. 

To  overcome  the  thin-film  limitations,  a  different  com¬ 
binatorial  approach  has  been  developed  which  creates 
composition  libraries  in  bulk  diffusion  couples  and  “dif¬ 
fusion  multiples”  by  thermal  interdiffusion.7  Diffusion 
multiple  is  an  assembly  of  three  or  more  different  metal 
blocks,  in  intimate  interfacial  contact,  arranged  as  a  triple, 
quadruple,  etc.,  and  subjected  to  a  high  temperature 
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to  allow  thermal  interdiffusion.  The  concept  is  an  ex¬ 
tension  of  a  diffusion  triple  method  introduced  by 
Hasebe  and  Nishizawa8  for  simple  ternary  systems  and 
demonstrated  by  Jin  etal.9~ 11  for  complex  ternary  sys¬ 
tems  with  intermetallic  compounds.  The  coupling 
of  the  composition  libraries  generated  in  diffusion 
multiples  with  microscale  composition,  structure,  and 
property  evaluation  techniques  constitutes  an  effi¬ 
cient  methodology  for  mapping  phase  diagrams  and 
properties. 

The  idea  of  this  combinatorial  approach  can  be  illus¬ 
trated  using  a  hypothetical  binary  A-B  system  with  a 
miscibility  gap,  schematically  shown  in  Fig.  1.  When  a 
diffusion  couple  made  up  of  pure  A  and  pure  B 
[Fig.  1(b)]  is  exposed  to  a  temperature,  Tx  (above  the 
miscibility  gap),  for  an  extended  time  period,  a  continu¬ 
ous  binary  composition  spectrum  (library)  from  0  at.%  B 
to  100  at.%  B  can  be  obtained  by  thermal  interdiffusion, 
Fig.  1(c).  The  composition  profile  that  correlates  compo¬ 
sition  with  location  (position)  can  be  determined  using 
electron  probe  microanalysis  (EMPA).12  Such  composi¬ 
tion  profiles  have  long  been  used  to  evaluate  diffusion 
coefficients.  What  has  not  been  taken  full  advantage  of  is 
the  composition  library  generated  in  diffusion  couples. 
This  composition  library  can  be  used  to  survey  precipi¬ 
tation  kinetics  and  properties.  For  instance,  by  heat- 
treatment  of  the  already  T{  -exposed  diffusion  couple  at  a 
lower  temperature,  T2,  for  different  time  periods,  the  iso¬ 
thermal  transformation  kinetics  can  be  evaluated  simul¬ 
taneously  for  a  wide  range  of  compositions.  This  can  be 
accomplished  by  examining  the  microstructure  (mor¬ 
phology,  size,  distribution,  etc.)  at  different  composition 

©  2001  Materials  Research  Society 


1565 


J-C.  Zhao:  A  combinatorial  approach  for  efficient  mapping  of  phase  diagrams  and  properties 


After  T-,  heat  treatment 
&  t2  heat  treatment 


FIG.  1 .  Application  of  a  diffusion  couple  to  generate  a  binary  com¬ 
position  library  (spectrum)  for  an  efficient  evaluation  of  precipitation 
kinetics,  diffusivity,  and  properties:  (a)  a  hypothetical  binary  A-B 
phase  diagram;  (b)  a  schematic  diffusion  couple;  (c)  schematic  com¬ 
position  profile  after  an  extended  heat-treatment  at  (d)  schematic 
microstructure  after  an  extended  heat-treatment  at  Tx  and  a  short  time 
exposure  at  T2  to  determine  the  spinodal  decomposition  compositions 
and  kinetics. 


regions  (different  locations)  in  the  diffusion  couple.  For 
instance,  by  exposure  at  T2  for  a  short  time  period,  the 
spinodal  decomposition  compositions  and  kinetics 
[Fig.  1(d)]  can  be  determined  since  the  nucleation  and 
growth  type  transformations  take  a  much  longer  time 
period.  Alternatively,  by  cooling  of  the  Tj-exposed  dif¬ 
fusion  couple  at  different  cooling  rates,  the  continuous 
cooling  transformation  kinetics  can  be  evaluated,  again 
by  examining  the  microstructure  and  properties  (such  as 
hardness)  at  different  locations  (compositions)  of  the  dif¬ 
fusion  couple.  In  addition  to  surveying  precipitation  ki¬ 
netics  and  diffusion  coefficients,  the  composition  library 
created  in  the  diffusion  couple  can  be  used  for  localized 
determination  of  mechanical  properties.  For  instance,  the 
load-  and  displacement-sensing  nanoindentation  tests  al¬ 
low  simultaneous  evaluation  of  hardness  and  elastic 
modulus  from  very  localized  (e.g.,  approximately  2  jxm) 


regions.13"16  Such  a  survey  of  properties  and  precipita¬ 
tion  kinetics  is  much  more  efficient  and  systematic  than 
the  conventional  one-alloy-at-a-time  approach. 

With  extension  of  the  technique,  a  diffusion  triple8”1 1 
can  be  employed  for  a  combinatorial  survey  of  ternary 
systems.  A  diffusion  triple  is  an  assembly  made  up  of 
three  components  in  the  geometry  like  the  one  shown  in 
Fig.  2(a).  In  most  cases  there  exists  only  an  interface 
between  two  phases  (as  in  most  diffusion  couples)  and  a 
line  (perpendicular  to  the  cross-sectional  plane)  among 
three  phases  in  a  triple  after  a  long-term  heat-treatment  at 
a  given  temperature  [Fig.  2(c)].  By  quantitative  EPMA 
across  the  interfaces  and  at  the  three-phase  trijunction, 
both  tie-lines  and  tie-triangles  can  be  obtained  to  con¬ 
struct  an  isothermal  section  of  the  corresponding  ternary 
phase  diagram.  For  instance,  points  1  and  2  in  Fig.  2(c) 
are  basically  a  binary  diffusion  couple  since  element  B 
cannot  reach  there  by  diffusion  even  after  a  long-term 
heat-treatment;  thus,  EPMA  across  points  1  and  2  can 
give  tie-line  1-2  in  Fig.  2(b).  Moving  from  points  1  and 
2  to  points  3  and  4  to  points  5  and  6,  more  and  more  B 
has  been  diffused  into  the  a-  and  y-phases,  thus  tie-lines 
with  higher  concentrations  of  B  can  be  obtained,  corre¬ 
sponding  to  tie-lines  3-4  and  5-6  in  Fig.  2(b).  Similarly, 
points  7  and  8  give  tie-line  7-8  of  the  A-B  binary  sys¬ 
tem.  Points  5,  6,  and  9  can  provide  the  tie-triangle  of  the 
a-(3-y  three-phase  region.  Thus,  for  most  systems,  only 
one  triple  is  needed  to  survey  the  whole  isothermal  sec¬ 
tion  of  a  ternary  system.8"11  By  exposure  of  the  diffu¬ 
sion  triples  at  different  temperatures,  several  isothermal 
sections  can  be  obtained  to  construct  a  ternary  phase 
diagram. 

It  is  clear  that  points  0-1-3-5-7-0  in  Fig.  2(a)  corre¬ 
spond  to  those  same  points  in  Fig.  2(c)  in  composition, 
and  they  envelop  the  entire  composition  region  of  the 
a-phase.  Thus,  a  diffusion  triple  can  generate  full- 
composition  libraries  for  all  the  single-phase  regions  of  a 
ternary  system.  These  composition  libraries  can  be  em¬ 
ployed  for  combinatorial  surveys  of  properties  and  pre¬ 
cipitation  kinetics  in  a  similar  way  as  discussed  for  the 
binary  A-B  diffusion  couple,  Fig.  1. 

The  aim  of  this  work  is  to  explore  the  feasibility  of 
using  such  a  combinatorial  approach  to  efficiently  map 
multicomponent  phase  diagrams,  properties  (such  as 
hardness  and  modulus),  and  precipitation  kinetics  for  ac¬ 
celerated  design  of  structural  materials.  This  paper 
complements  a  previous  short  communication7  by  pro¬ 
viding  more  detailed  examples  and  discussions. 


II.  EXPERIMENTAL  PROCEDURES 

The  starting  pure  elements  were  25-mm  diameter  bars 
with  a  purity  of  99.95%  for  Fe,  99.98%  for  Ni,  and 
99.95%  for  Mo  (all  in  wt.%),  respectively.  A  high-purity 
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B 


FIG.  2.  Schematic  diagrams  explaining  how  a  diffusion  triple  can  be 
used  to  map  a  whole  isothermal  section  of  a  ternary  phase  diagram  and 
to  generate  full  libraries  of  single-phase  compositions  for  an  efficient 
survey  of  properties:  (a)  diffusion  triple;  (b)  phase  diagram;  (c)  cross- 
sectional  view  of  the  diffusion  triple  after  heat  treatment  showing 
phase  boundary  locations  and  their  correspondence  with  the  phase 
diagram. 


stoichiometric  NiAl  single-crystal  bar  was  used  as  the 
starting  NiAl  stock.  An  Inconel  706  (IN706)  superalloy 
bar  of  25-mm  diameter  was  purchased  commercially. 
The  composition  of  IN706  is  the  following:  41.62  Ni- 
37.5  Fe-16.0  Cr-0.20  AM .75  Ti-1.45  Ta-1.45  Nb- 
0.03  C  (wt.%). 


A  diffusion  couple  of  Ni-NiAl  was  made  by  placing 
3-mm-thick  slices  of  Ni  and  a  single-crystal  NiAl  in  a 
pure  Ni  hot  isostatic  pressing  (HEP)  can.  The  HEP  can 
containing  the  diffusion  couple  was  electron  beam  (EB) 
welded,  and  the  HIP  was  performed  at  1204  °C 
and  200  MPa  for  4  h.  The  HEP  can  was  then  heat-treated 
at  1204  °C  for  100  h  in  a  vacuum  furnace  and  then 
furnace  cooled  to  ambient  temperature.  The  heat-treated 
can  was  then  cut  into  halves  parallel  to  the  diffus¬ 
ion  direction  using  electrodischarge  machining  (EDM) 
to  prepare  metallography  samples  for  microprobe  and 
nanoindentation  tests.  A  Ni-Pt  diffusion  couple  was 
made  by  sandwiching  a  0.75-mm-thick  pure  Pt  piece 
(99.99  wt%  purity)  between  two,  3-mm-thick,  pure 
Ni  slices.  The  diffusion  couple  underwent  a  HEP  run  of 
1 100  °C  and  200  MPa  for  4  h  and  was  then  heat-treated 
at  900  °C  for  1650  h.  After  the  heat-treatment,  the  sample 
was  quenched  into  water  by  breaking  the  quartz  tube. 

A  five-part  “diffusion  multiple”  assembly7  was  de¬ 
vised  that  combines  diffusion  couples  (dotted  lines), 
triples  (dashed  squares),  and  a  quadruple17  (dashed 
circle)  in  one  sample,  as  shown  in  Fig.  3(a)  using 
the  Fe-Cr-Mo-Ni  system  as  an  example.  To  make  this 
diffusion  multiple,  pure  elements  of  Fe,  Cr,  Ni,  and 
Mo  were  cut  into  quarter-pie  shapes  using  EDM.  The 
recast  layer  formed  on  the  EDM  cut  surfaces  was  re¬ 
moved  by  glass  beading  using  Si02  particles  accelerated 
by  a  compressed  air  gun,  followed  by  mechanical  grind¬ 
ing.  The  quarter-pie  pieces  were  placed  into  four  differ¬ 
ent  quadrants  as  shown  in  Fig.  3.  This  assembly  was 
placed  inside  a  pure  Ni  tube  of  25-mm  outer  diameter  and 
16-mm  inner  diameter.  Two  pure  Ni  caps  were  EB- 
welded  in  vacuum  onto  the  Ni  tube.  The  welded  assem¬ 
bly  underwent  a  HIP  run  of  4h  at  1100°C  under  a 
200  MPa  pressure  to  provide  good  contacts  among  the 
components.  The  size  of  the  sample  was  designed  such 
that  the  dimensions  of  the  pure  elements  were  much 
larger  than  the  diffusion  distances.  The  multiples  were 
then  sliced  to  approximately  6-mm-thick  disks  [Fig.  3(c)] 
and  sealed  individually  in  evacuated  quartz  tubes  (ap¬ 
proximately  1  x  10-6  torr)  for  heat  treatment  at  1100  °C 
for  1500  h. 

All  the  samples  were  first  examined  using  scanning 
electron  microscopy  (SEM),  especially  the  backscatter  elec¬ 
tron  (BSE)  imaging.  Most  phases  could  be  seen  in  the 
BSE  images  due  to  the  differences  in  their  average 
atomic  number  density.  Quantitative  EPMA  analysis  was 
performed  on  either  C  AMEC  A  (Paris,  France)  micro¬ 
probe  using  15-kV  voltage,  40-nA  current  and  a  40° 
take-off  angle  or  a  JEOL  733  Superprobe  (Japan  Electron 
Optics  Ltd.,  Tokyo,  Japan)  operated  at  20  kV,  60  nA,  and 
also  a  40°  take-off  angle. 

Crystal  structure  identification  of  phases  was  made 
by  electron  backscatter  diffraction  (EBSD), 18,19  which 
is  an  electron  diffraction  technique  in  SEM  (and  which  is 
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FIG.  3.  (a)  Geometry,  (b)  appearance,  and  (c)  procedure  for  making  a  diffusion  multiple. 


different  from  the  BSE  imaging).  This  technique  allows 
rapid  electron  diffraction  pattern  collection  from  small 
(e.g.,  2  jxm)  microstructural  features  in  bulk  samples  (not 
thin  foils).  Phase  identification  was  accomplished  by  a 
direct  match  of  the  diffraction  bands  in  the  experimental 
backscatter  pattern  with  simulated  patterns  generated  us¬ 
ing  known  structure  types  and  lattice  parameters.  The  crys¬ 
tal  structure  identification  for  the  Ni-Pt  diffusion  couple 
was  carried  out  using  a  Siemens  GADDS  (Siemens  AG, 
Munich,  Germany)  microdifffactometer  with  a  collimated 
x-ray  beam  of  0.3-mm  diameter. 

Nanoindentation  tests  were  performed  using  a 
NanoTest  550  tester  manufactured  by  Micro  Materials 
Ltd.,  Wrexham,  U.K.  This  tester  monitors  both  the  load 
and  the  displacement  during  indentation  tests  and  thus 
allows  both  hardness  and  elastic  modulus  to  be  evalu¬ 
ated.13-16  The  tests  were  performed  at  room  temperature 
with  a  load  of  10  milli-newton  (mN). 


111.  RESULTS 

The  first  example  illustrating  the  idea  is  shown  in 
Fig.  4  for  the  Ni-NiAl  diffusion  couple  that  was 
heat-treated  at  1204  °C  for  100  h.  The  composition 
profiles  based  on  EPMA  measurements  are  shown 
in  Fig.  4(b),  which  can  be  used  to  evaluate  diffusion 
coefficients  of  various  phases  and  their  compositional 
dependence.20  The  diffusion  coefficients  evaluated  from 
the  composition  profiles  are  shown  in  Fig.  4(c),  and  they 
agree  very  well  with  previous  literature  results.21-23  Such 
diffusion  coefficients  are  essential  for  simulating  the  pre¬ 
cipitation  and  coarsening  kinetics. 

The  composition  profiles,  Fig.  4(b),  show  that  signifi¬ 
cant  interdiffusion  took  place  in  the  diffusion  couple  and 
that  the  y'  (Ni3Al)  phase  was  formed,  creating  two  in¬ 
terfaces — one  between  y  and  y'  (points  1  and  2)  and 
the  other  between  y'  and  (3  (points  3  and  4).  The  local 
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FIG.  4.  Application  of  a  diffusion  couple  to  create  spectra  of  single-phase  compositions  for  an  efficient  evaluation  of  phases,  equilibria,  and 
properties:  (a)  Ni-rich  side  of  Ni-Al  phase  diagram;  (b)  composition  profiles  of  a  Ni-NiAl  diffusion  couple  after  annealing  at  1204  °C  for  100  h; 
(c)  diffusivity  of  various  phases  evaluated  from  the  diffusion  profile  of  (b);  (d)  hardness  and  modulus  profiles  obtained  from  nanoindentation  tests; 
(e)  hardness  variation  with  compositions  and  phases;  (f )  a  typical  load-displacement  curve  (for  pure  Ni)  from  a  load  and  displacement  sensing 
nanoindentation  test  for  hardness  and  modulus  evaluation. 
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equilibrium  at  the  interfaces  is  the  basis  for  the  wide 
application  of  diffusion  couples  in  determination  of 
phase  diagrams.24,25  This  can  be  appreciated  by  looking 
at  correspondence  of  points  1  to  4  in  the  composition 
profiles  [Fig.  4(b)]  to  these  same  points  in  the  phase  dia¬ 
gram  [Fig.  4(a)].  This  phase  diagram  is  based  upon  a 
recent  assessment  by  Huang  and  Chang26  and  the  recent 
results  from  Ootoshi  etal 27 

It  can  be  seen  from  the  composition  profiles  shown  in 
Fig.  4(b)  that  a  full  composition  variation  (library)  of  all 
the  single-phase  regions  between  Ni  and  NiAl  was  ob¬ 
tained,  e.g.,  0  to  18  at.%  A1  (points  0  to  1)  for  the 
y-phase.  The  composition  libraries  generated  in  the  dif¬ 
fusion  couple,  shown  in  Fig.  4(b),  can  be  used  for  local¬ 
ized  surveys  of  critical  materials  properties.  For  instance, 
by  performance  of  nanoindentation  tests  on  the  diffusion 
couple  using  the  load-  and  displacement-sensing  “me¬ 
chanical  properties  microprobe,’’ 13-1 6  the  hardness  and 
modulus  variation  with  distance  was  obtained  as  shown 
in  Fig.  4(d)  which  was  the  combined  results  of  several 
parallel  indentation  scans.  The  hardness  and  modulus 
profiles  [Fig.  4(d)]  can  be  converted  into  composition- 
phase-property  data  [Fig.  4(e)]  since  the  composition  of 
each  location  is  known  from  Fig.  4(b).  The  hardness  of  the 
y-phase  increased  from  approximately  3.3  to  4.5  GPa  as 
the  A1  concentration  increased  from  0  to  approximately 
13  at.%,  which  was  caused  by  the  solution-hardening  ef¬ 
fect.  The  further  significant  increase  of  hardness  in  the 
Al-rich  compositions  (13  to  18  at.%)  of  the  y-phase 
[highlighted  in  Figs.  4(d)  and  4(e)]  came  from  precipita¬ 
tion  hardening,  where  fine  y'  particles  formed  in  the  y 
matrix  (when  the  diffusion  couple  was  cooled  from 
1204  °C  to  room  temperature)  obstructed  the  movement 
of  dislocations.  Such  precipitation  hardening  provides 
most  of  the  strength  for  advanced  Ni-based  superalloys, 
and  it  is  an  important  mechanism  for  structural  materials 
design.  Precipitation  hardening  requires  a  supersatura- 
tion — a  decreasing  solubility  with  lowering  temperature 
[e.g.,  18  and  13  at.%  A1  in  y  at  1204  and  800  °C  respec¬ 
tively,  Fig.  4(a)].  Therefore,  both  phase  diagrams  and 
precipitation  kinetics  information  are  critical  for  design¬ 
ing  precipitation-hardened  alloys. 

By  cooling  of  the  1204  °C  exposed  diffusion  couple  at 
different  cooling  rates  and  by  examining  the  hardness 
and  microstructures  at  different  locations  (compositions) 
in  the  diffusion  couple,  the  continuous  cooling  transfor¬ 
mation  kinetics  of  y'  precipitation  can  be  evaluated 
simultaneously  for  a  range  of  y  compositions.  Alterna¬ 
tively,  by  quenching  of  the  1204  °C  exposed  diffusion 
couple  to  ambient  temperature  (to  retain  the  high- 
temperature  y-phase),  exposure  of  the  couple  at  lower  tem¬ 
peratures  (e.g.,  800  °C)  for  different  time  periods,  and 
then  examining  the  microstructure  and  hardness  at 
different  locations  (compositions),  the  isothermal  pre¬ 
cipitation  kinetics  of  the  y'-phase  can  be  evaluated 


simultaneously  for  a  library  of  y  compositions.  Such  pre¬ 
cipitation  kinetics  information  would  be  much  more 
time-consuming  and  expensive  to  obtain  using  the  con¬ 
ventional  one-alloy-at-a-time  approach. 

The  average  elastic  modulus  of  pure  Ni  evaluated 
from  33  nanoindentations  is  201  ±  22  GPa,  which 
agrees  very  well  with  the  literature  values  ranging  from 
197  to  207  GPa.28  29  A  typical  load  and  displace¬ 
ment  curve  of  the  nanoindentation  is  shown  in  Fig.  4(f). 
Both  hardness  and  modulus  were  evaluated  from  such 
a  curve  without  the  need  of  measuring  the  indentation 
size.13“16 

When  the  1204  °C  exposed  Ni-NiAl  diffusion  couple 
was  cooled  from  1204  °C  to  room  temperature  in  a 
vacuum  furnace,  the  composition  region  of  the  [3-phase 
with  35  to  37  at.%  A1  had  precipitates  in  the  (3-phase  ma¬ 
trix,  as  shown  in  Fig.  5.  The  precipitates  can  be  y'  (Ll2), 
Ni5Al3  (oC16;  space  group  Cmmm),  or  the  martensitic 
phase  (Ll0,  P/4mmm).30,31  EMPA  analysis  found  that 
the  precipitates  had  an  average  A1  concentration  of 
27.9  at.%.  Thus,  they  were  unlikely  to  be  the  martensitic 
phase — martensitic  transformation  is  composition- 
invariant — therefore,  the  martensitic  phase  composi¬ 
tion  should  be  similar  to  the  parent  (3-phase,  i.e., 
>35  at.%  Al.  The  crystal  structure  identification  of  the 
precipitation  phase  was  made  using  EBSD,  as  shown  in 
Fig.  6.  The  EBSD  pattern  matched  only  to  that  of  y',  not 
Ni5Al3  nor  the  Ll0  martensite.  By  cooling  of  the  diffu¬ 
sion  couple  at  different  cooling  rates,  continuous  cooling 
transformation  kinetics  of  the  (3-phase  can  be  measured 


y  jy 


p  with  y’  formed  during  cooling 


100  pm 

FIG.  5.  SEM  image  showing  the  y'  precipitates  formed  in  the  Al-lean 
region  of  the  [5-phase  in  the  Ni-NiAl  diffusion  couple  during  cooling 
from  1204  °C  in  a  vacuum  furnace. 
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FIG.  6.  EBSD  patterns  taken  from  the  precipitates  shown  in  Fig.  2: 
(a)  un-indexed  pattern;  (b)  indexed  pattern  with  the  y'-phase  crystal 
structure. 


simultaneously  for  a  range  of  compositions.  For  instance, 
by  water  quench,  martensitic  transformation  may  take  place 
in  the  Al-lean  composition  regions  of  the  (B-phase.30,31 

The  second  example  is  shown  in  Figs.  7  and  8  for  the 
Ni-Pt  binary  system.  The  Ni-Pt  phase  diagram  is  shown 
in  Fig.  7(a),  indicating  that  Ni  and  Pt  are  completely 
soluble  at  temperatures  between  approximately  650  and 
approximately  1400  °C.32  At  temperatures  <650  °C, 
there  are  two  ordered  phases,  Ni3Pt  (Ll2)  and  NiPt  (Ll0). 
Nanoindentation  tests  were  performed  on  a  Ni-Pt  diffu¬ 
sion  couple  exposed  at  900  °C  for  1650  h.  The  average 


-  #■'  '  *  «♦«««*♦#* 


100  pm 


FIG.  7.  Application  of  a  Ni-Pt  diffusion  couple  to  create  a  full  com¬ 
position  library  (from  0  to  100%  Pt)  for  an  efficient  evaluation  of  the 
hardening  effect:  (a)  phase  diagram  of  Ni-Pt;  (b)  optical  micrograph 
with  a  high-resolution  SEM  image  as  an  insert  showing  the  nanoin¬ 
dents  on  the  diffusion  couple. 


elastic  modulus  of  pure  Pt  based  on  33  nanoindentation 
measurements  is  179  ±  16  GPa,  which  is  in  excellent 
agreement  with  the  literature  data,  168  to  173  GPa.28,33 
The  average  hardness  of  pure  Pt  is  2.2  ±  0.1  GPa  again 
based  on  the  same  33  measurements.  It  is  clear  that  the 
hardness  of  pure  Pt  is  much  lower  than  that  of  pure  Ni, 
3.3  ±  0.3  GPa.  Figure  8  shows  that  the  hardness  values  of 
concentrated  Ni-Pt  compositions  (e.g.,  Ni-50  at.%  Pt) 
are  much  higher  than  those  of  pure  Ni  and  pure  Pt.  To 
see  whether  the  significant  hardening  comes  from  the 
formation  of  the  ordered  phases  (Ni3Pt  or  NiPt)  or  the 
solution-hardening  effect,  or  both,  x-ray  diffraction 
analysis  was  performed  using  a  Siemens  GADDS  micro¬ 
diffractometer  with  a  collimated  x-ray  beam  of  0.3-mm 
diameter.  By  systematically  moving  of  the  beam  across 
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(C)  Ni  at.%  Pt  Pt 

FIG.  8.  Evaluation  of  the  solution  hardening  effect  from  a  Ni-Pt 
diffusion  couple  heat-treated  at  900  °C  for  1650  h:  (a)  composition 
profiles  from  EPMA;  (b)  the  nanoindentation  profile;  (c)  the  solution¬ 
hardening  effect  evaluated  from  both  the  composition  and  nanoinden¬ 
tation  profiles. 


the  entire  the  Ni-Pt  diffusion  couple  and  taking  the  x-ray 
diffraction  patterns  (spectra),  no  Ll0  (NiPt)  or  Ll2 
(Ni3Pt)  phase  was  found;  i.e.,  no  [001]  and  [Oil]  reflec¬ 
tions  were  observed.  Therefore,  the  significant  increase 
in  hardness  for  concentrated  Ni-Pt  alloys  is  from  the 
solution-hardening  effect.  For  solid  solutions,  there  is  a 
strong  correlation  between  hardness  and  yield  strength 
(more  precisely  flow  stress);  thus,  Pt  should  be  a  potent 


strengthener  for  the  7-phase.  This  result  is  consistent 
with  the  observation  of  Corti  etal34  that  Pt  is  a  strong 
strengthener  for  Ni-based  superalloys. 

The  full  composition  library  (from  0  to  100%  Pt)  gen¬ 
erated  in  the  diffusion  couple  can  also  be  used  to  study 
the  ordering  transformation  kinetics  in  Ni-Pt  alloys.  For 
instance,  by  exposing  the  diffusion  couple  at  500  °C,  it 
would  be  possible  to  study  the  ordering  transformation 
kinetics  for  both  the  Ni3Pt  and  NiPt  phases  over  a  wide 
range  of  compositions  in  a  similar  way  as  discussed  in 
relation  to  Figs.  1  and  4. 

The  results  described  in  Figs.  4  to  8  clearly  show  that 
diffusion  couples  can  be  used  to  generate  composi¬ 
tion  libraries  for  binary  alloys  for  combinatorial  surveys 
of  phase,  phase  equilibria,  diffusion  coefficients, 
mechanical  properties,  composition-phase-property 
(i.e.,  hardness  and  modulus)  data,  and  precipitation 
kinetics.  Similarly,  a  diffusion  triple  can  be  employed 
for  combinatorial  surveys  of  a  ternary  system  as  shown 
in  Fig.  9  using  the  Ni-Mo-Fe  system  as  an  example. 
A  Ni-Mo-Fe  diffusion  triple,  Fig.  9(a),  was  exposed 
at  1100  °C  for  1500  h,  during  which  time  all  the 
intermetallic  compounds,  both  binary  and  ternary, 
NiMo  (8),  Fe7Mo  (jx),  and  FenNi36Mo53  (P-phase35), 
formed  by  diffusion  reactions,  Figs.  9(b)  and  9(c). 
By  performance  of  EPMA  across  the  interfaces  and 
at  the  three-phase  junctions,  both  tie-lines  and  tie- 
triangles  were  obtained  to  construct  the  entire  isother¬ 
mal  section  of  the  ternary  phase  diagram,  Fig.  9(d). 
For  instance,  the  left-hand  edge  of  the  triple  [points  0 
to  5  in  Fig.  9(b)]  was  a  binary  Ni-Mo  diffusion  couple 
since  Fe  could  not  reach  there  by  diffusion.  EPMA 
analysis  along  points  0  to  5  gave  tie-lines  1-2  and  3-4 
in  Fig.  9(d).  Similarly,  points  5  to  12  at  the  top  edge 
of  the  triple  gave  binary  Mo-Fe  equilibria  and  points 
12  to  14  at  the  right-hand  edge  gave  the  binary  Fe-Ni 
information  (Fe  and  Ni  are  completely  soluble  at 
1100  °C).  Closer  to  the  center  of  die  triple,  more  in¬ 
terdiffusion  of  the  three  elements  was  achieved; 
thus,  ternary  tie-lines  were  obtained.  For  instance, 
EPMA  analysis  from  position  X  to  position  Y  in  Fig.  9(c) 
gave  composition  profiles  of  Fig.  9(e)  which  show 
significant  diffusion  of  Fe  into  the  8-  and  y-phases. 
The  local  equilibrium  compositions  at  the  phase  in¬ 
terfaces  in  Fig.  9(e)  gave  tie-lines  T1  and  T2  in 
Fig.  9(d).  At  three-phase  junctions  such  as  locations 
15  and  16  in  Fig.  9(b),  the  respective  tie-triangles  7-8- jx 
and  y-otFe-fx  were  obtained.  Therefore,  only  one 
diffusion  triple  is  needed  to  survey  all  the  phases 
and  equilibria  in  the  whole  isothermal  section.8-11 
In  this  connection,  the  diffusion  triple  method  is 
much  more  efficient  in  mapping  of  phase  diagrams  than 
traditional  equilibrated  alloys  and  diffusion  couple 
methods.25  For  example,  the  same  1100  °C  Ni-Mo-Fe 
isothermal  section  of  Fig.  9(d)  was  determined  by 
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FIG.  9.  Application  of  a  diffusion  triple  to  generate  full  libraries  of  single-phase  compositions  of  a  ternary  system  for  a  combinatorial  survey  of 
phases,  crystal  structures,  phase  equilibria,  and  properties:  (a)  diffusion  triple  of  Ni-Mo-Fe;  (b)  cross-sectional  view  of  the  diffusion  triple  after 
heat  treatment  showing  phase  boundary  locations  and  their  correspondence  with  the  phase  diagram;  (c)  backscatter  electron  image  of  the  trijunction 
region  of  the  diffusion  triple  showing  the  phase  distribution;  (d)  the  whole  1 100  °C  isothermal  section  of  the  Ni-Mo-Fe  phase  diagram 
(composition  scale  in  atomic  percent)  obtained  from  the  diffusion  triple;  (e)  EPMA  line  scan  from  point  X  to  point  Y  in  (c)  showing  the 
composition  profiles  that  were  used  to  evaluate  the  tie-lines  T1  and  T2  in  (d). 


van  Loo  et  al  using  23  alloys  and  7  diffusion  couples.35 
The  isothermal  section  of  Fig.  9(d)  measured  from  the 
single  diffusion  triple  looks  identical  to  that  obtained  by 
van  Loo  et  al 

Since  a  diffusion  triple  can  be  used  to  map  entire  iso¬ 
thermal  sections,  it  can  be  an  effective  screening  tool  for 
the  possible  appearance  of  new  intermetallic  compounds, 
especially  when  assisted  with  the  EBSD  technique. 
Phases  that  do  not  belong  to  the  corresponding  binary 
systems  can  be  identified  in  the  diffusion  triple  using 
EBSD  crystal  structure  identification.  For  instance,  a 
ternary  compound,  the  P-phase,35  was  found  in  the  Ni- 
Mo-Fe  triple.  The  P-phase  is  orthorhombic  (oP56)  with 
a  composition  of  approximately  Fej  ^3^053. 

An  important  feature  of  a  diffusion  triple  is  its  ability  to 
generate  full  libraries  of  all  the  single-phase  compositions 


of  a  ternary  system,  as  described  earlier  with  reference 
to  Fig.  2.  It  is  clear  that  points  0—1—15—16—1 1—12—13— 
14-0  in  Fig.  9(b)  correspond  to  those  same  points  in 
Fig.  9(d)  in  composition,  and  they  envelop  the  entire 
composition  region  of  the  y-phase.  By  performance  of 
nanoindentation  tests  on  the  diffusion  triple,  the  compo¬ 
sition-phase-property  relations  were  obtained  for  the 
single-phase  compositions  of  the  Ni-Mo-Fe  system. 
Figure  10(a)  shows  the  collected  hardness  and  modulus 
data  of  different  Fe  and  Mo  concentrations  in  the  entire 
y-phase  region  (enveloped  by  the  above  mentioned 
points)  plotted  against  Mo  content  only.  The  degenera¬ 
tion  of  all  the  hardness  data  into  a  single  curve  indicates 
that  Fe  has  little  effect  on  the  hardness  of  the  y-phase, 
whereas  Mo  is  a  potent  solution  hardener.  The  Mo  ad¬ 
dition  to  the  y-phase  has  little  effect  on  its  modulus.  The 
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(b)  Fe  Content  in  the  [i-Phase,  at.% 


FIG.  10.  Variation  of  hardness  and  elastic  modulus  with  composition 
in  the  (a)  7-phase  and  (b)  jx -phase  measured  by  nanoindentation. 


average  hardness  values  of  the  5  and  |x  phases  were  15 
and  14  GPa,  much  higher  than  those  of  7  (3.3  to  7  GPa). 
The  elastic  moduli  of  the  8  and  pi  phases  were  235  and 
238  GPa,  respectively,  only  slightly  higher  than  that  of  7 
(approximately  200  GPa).  The  hardness  and  modulus 
of  the  8  and  jx  phases  are  not  strongly  composition 
dependent,  as  shown  in  Fig.  10(b)  for  the  pi-phase.  Such 
composition-phase-property  relations  are  very  valuable 
for  structural  materials  design. 

A  nanoindentation  scan  from  the  a-Mo  phase  to  the 
|x-phase  is  shown  in  Fig.  11.  The  indents  on  the  |x-phase 
were  very  small  and  difficult  to  see  from  the  SEM 
micrograph,  Fig.  11(a).  Fortunately,  it  is  not  necessary 
to  measure  the  size  of  the  indents  in  the  load-  and 
displacement-sensing  nanoindentation  tests.13"16  It 
is  clear  that  the  hardness  of  the  jx-phase  is  much  higher 
than  that  of  the  a-Mo  phase,  Fig.  11(b).  The  composi¬ 
tion  of  each  indentation  point  was  then  evaluated  by 
correlating  its  position  to  the  EPMA  line  scan  posi¬ 
tions.  The  X-Y  stage  positions  of  the  EPMA  scans 
were  recorded  so  that  the  composition  of  each  posi¬ 
tion  in  the  diffusion  triple  can  be  estimated.  The 
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FIG.  11.  (a)  Nanoindentation  scan  from  a-Mo  to  \x  and  (b)  the  cor¬ 
responding  hardness  and  elastic  modulus  data  for  the  respective 
phases. 


composition-position  information  makes  it  possible  to 
convert  the  property  (hardness  and  modulus)-position 
information  into  composition-property  data  shown 
in  Fig.  10  [this  is  similar  to  converting  Fig.  4(d)  into 
Fig.  4(e)  using  Fig.  4(b)]. 

A  set  of  diffusion  multiples  has  been  designed  and 
employed  for  fast  and  systematic  surveys  of  a  quaternary, 
four  related  ternary,  and  six  related  binary  systems  at  the 
same  time,  as  shown  in  Fig.  12(a)  using  Fe-Cr-Mo-Ni 
as  an  example.  At  the  center  of  the  diffusion  multiples 
are  three  diffusion  quadruples17  that  are  used  to  survey 
the  quaternary  system.  The  elements  Fe  and  Mo  as  well 
as  Cr  and  Ni  at  the  center  of  the  left-hand  side  multiple 
in  Fig.  12(a)  have  only  line  contact,  thus  relatively  less 
interdiffusion.  By  alternation  of  the  arrangements  (there 
are  only  three  combinations),  three  diffusion  quadruples 
can  be  employed  to  survey  wide  ranges  of  composition  in 
the  quaternary  isothermal  tetrahedron,  Fig.  12(b).  The 
four  related  ternary  systems  are  surveyed  by  the  triples 
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FIG.  12.  New  diffusion  multiples  for  fast  and  systematic  search  of  new  materials  in  multicomponent  systems.  Three  diffusion  multiples  can  be 
used  to  map  a  quaternary  phase  diagram  (and  the  related  6  binaries  and  4  ternaries)  and  to  generate  large  composition  libraries  of  the  binary,  ternary 
and  quaternary  systems:  (a)  geometry  of  the  diffusion  multiples;  (b)  quaternary  isothermal  tetrahedron  consisting  of  six  binary  system,  four  ter¬ 
nary  isothermal  sections,  and  the  quaternary  information  inside  the  tetrahedron. 


(dashed  circles)  at  the  rim  of  the  diffusion  multiples, 
Fig.  12(a).  Thus,  three  diffusion  multiples  can  create  full 
composition  libraries  of  all  the  single-phase  regions 
of  the  ternaries  and  wide  libraries  of  composition  of 
the  quaternary.  In  fact,  all  the  results  shown  in  Figs.  9  to 
1 1  were  obtained  from  a  Ni-Mo-Fe  triple  at  the  rim  of 
a  diffusion  multiple  similar  to  those  shown  in  Fig.  12(a). 
Three  sets  of  diffusion  multiples  similar  to  those  shown 
in  Fig.  12(a)  have  been  made  for  the  Nb-Ti-Cr-Si 
system.  Extremely  large  amounts  of  information  have 
been  obtained  for  this  quaternary  and  the  related  ternaries 
and  binaries.  The  results  will  be  published  separately. 

With  extension  beyond  the  basic  ternary  and  quater¬ 
nary  systems,  one  or  more  multicomponent  alloys  can  be 
used  as  members  of  the  diffusion  multiples  for  combi¬ 
natorial  surveys  of  multicomponent  systems,  especially 
studying  the  effect  of  compositional  modifications  on 
properties  of  complex  alloys.  An  example  is  shown  in 
Fig.  13  for  the  Ni -based  superalloy  IN706.  The  result 
shown  in  Figs.  13(b)  and  13(c)  was  obtained  from  the 
IN706-Fe-Mo  diffusion  triple  [Fig.  13(a)],  which  was 
intended  to  evaluate  the  possibility  of  further  strength¬ 
ening  IN706  by  adding  Mo.  Figures  13(b)  and  13(c) 
show  a  multicomponent  phase  diagram  of  the  system. 
(The  compositions  of  all  the  other  elements  have  been 
obtained  but  not  plotted  for  simplicity.)  The  lower  left 
corner  of  the  phase  diagram  represents  a  hypothetical 
composition  where  the  38  at.%  Fe  in  IN706  is  replaced 
by  38  at.%  Ni  (i.e.,  a  hypothetical  IN706  composition 
without  Fe)  so  that  the  diagram  can  be  plotted  from 
0  at.%  Fe  to  100  at.%  Fe  in  the  horizontal  axis.  The  re¬ 
sults  showed  that  no  Mo  could  be  directly  added  to 
IN706  without  forming  the  brittle  p-phase.  Only  when 
the  Cr  content  is  reduced  to  approximately  10  at.% 
and  the  Fe  content  increased  to  approximately  60  at.%,  will 
1  at.%  Mo  addition  become  possible  (at  1100°C).  The 
maximum  Mo  addition  is  2  at.%,  and  further  reduction  of 
Cr  and  increase  in  Fe  do  not  change  the  Mo  solubility  in 
the  y-phase,  Fig.  13(b).  It  is  interesting  to  note  that  the 
Mo  solubility  in  the  y-phase  was  high  in  the  Ni-Fe-Mo 


ternary'  system  [Fig.  9(d)],  but  it  reduced  significantly  in 
the  y-phase  of  IN706  due  to  the  presence  of  Cr,  Ti,  etc. 
(IN706  is  a  Ni-Fe-based  alloy).  The  Cr  content  in  the 
phases  is  superimposed  in  Fig.  13(c)  to  show  the  high 
solubility  of  Cr  in  both  y  and  jjl.  This  kind  of  multicom¬ 
ponent  phase  diagram,  which  has  never  been  determined 
before,  is  very  useful  for  alloy  design  by  providing  direct 
information  for  composition  modification  and  selection 
in  multicomponent  alloys.  It  can  also  be  used  to  test  and 
improve  thermodynamic  modeling  parameters  for  com¬ 
putational  design  of  materials.36-38  In  addition,  precipi¬ 
tation  kinetics  and  composition-property  correlations 
can  be  simultaneously  evaluated  from  the  composition 
libraries  created  in  the  diffusion  multiples  in  a  similar 
way  as  illustrated  in  the  Ni-NiAl  and  Ni-Pt  diffusion 
couples  and  the  Ni-Mo-Fe  diffusion  triple. 

IV.  DISCUSSION 

Useful  tensile  strength  of  structural  materials  is  a  com¬ 
bination  of  three  properties:  plastic  hardness  (i.e.,  resis¬ 
tance  to  yielding);  elastic  stiffness  (i.e.,  elastic  modulus); 
toughness  (i.e.,  resistance  to  crack  failure).39  Recent 
advancement  in  nanoindentation  tests  enables  rapid 
evaluation  of  hardness  and  modulus  and  even  fracture 
toughness40  of  brittle  phases  from  small  areas/phases 
(e.g.,  approximately  10  pm).  As  more  understanding 
is  achieved  on  the  elastoplastic  behavior  of  nanoinden¬ 
tation,  it  is  even  possible  to  extract  yield  strength 
of  materials  from  the  load  and  displacement  curves  4U42 
Coupled  with  the  composition  libraries  generated  in 
diffusion  couples  and  multiples,  it  is  now  possible  to 
evaluate  these  critical  materials  properties  much 
more  efficiently.  For  instance,  by  combination  of  the 
solution-hardening  effect  from  the  Ni-NiAl  and  Ni-Pt 
diffusion  couples  and  the  Ni-Mo-Fe  diffusion  triple,  the 
solution-hardening  potency  of  various  elements  in 
the  y-phase  can  be  compared  and  assessed,  as  shown 
in  Fig.  14.  As  more  data  are  accumulated,  a  database  of 
solution-hardening  effects  can  be  built.  Such  a  database, 
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(IN706-38%Fe)  at.%  Fe  Y 
(b) 


Mo 


(C)  (IN706-38%Fe)  at.%  Fe  Y  Fe 

FIG.  13.  Direct  application  of  diffusion  multiples  to  generate  compo¬ 
sition  libraries  in  multicomponent  systems  by  using  a  multicomponent 
alloy  as  members  of  the  diffusion  multiples:  (a)  a  diffusion  multiple 
with  IN706  as  a  member;  (b)  a  multicomponent  phase  diagram  pro¬ 
jected  onto  the  (IN706-38%  Fe)-Mo-Fe  triangle;  (c)  the  same  phase 
diagram  as  (b)  but  with  Cr  concentration  superimposed. 

which  is  not  readily  available  and  would  be  very  time- 
consuming  and  expensive  to  obtain  using  the  conventional 
one-alloy-at-a-time  approach,  will  be  very  valuable  for 
materials  design  by  predicting  the  strengthening  effect 
from  compositions  and  by  providing  guidance  for  el¬ 
emental  selection. 

It  may  be  possible  to  evaluate  the  fracture  toughness  of 
intermetallic  phases  formed  in  diffusion  couples  and 


Ni  at.  %  Solute 

FIG.  14.  Solution-hardening  effect  of  several  elements  in  Ni  evaluated 
from  nanoindentation  tests  on  diffusion  couples  and  multiples.  There 
is  a  strong  correlation  between  hardness  and  yield  strength  (more 
precisely  flow  strength).  Thus,  the  information  also  represents  the 
potency  of  various  elements  in  solution  strengthening. 

Fe 

multiples  using  a  cube-comer  nanoindenter.  Pharr  et  al40 
found  that  the  cube-comer  indenter  greatly  reduces  the 
load  required  to  generate  cracks  in  brittle  phases  as  com¬ 
pared  to  the  regular  Vickers  indenter.  If  the  indentation¬ 
generated  cracks  are  within  the  dimensions  of  the 
individual  intermetallic  phase  formed  in  diffusion 
couples  and  multiples,  then  the  fracture  toughness  can  be 
evaluated  using  the  simple  equation  developed  by  Lawn 
et  al.43'44  This  kind  of  combinatorial  survey  has  its 
advantage  since  sometimes  it  takes  quite  some  effort  to 
synthesize  macroscale  samples  of  these  brittle  interme- 
tallic  phases  through  casting  or  powder  metallurgy 
routes.  The  intermetallic  compounds  formed  relatively 
easily  through  interdiffusion  in  the  diffusion  couples  and 
multiples.  Most  of  the  time,  the  intermetallic  phases 
formed  are  dense  and  convenient  for  nanoscale  property 
evaluation.  Such  an  evaluation  of  fracture  toughness  can 
accelerate  the  exploration  for  structural  and  functional 
intermetallics  with  better  properties. 

As  described  earlier,  the  average  elastic  modulus  val¬ 
ues  of  Ni  and  Pt  evaluated  from  nanoindentation  tests 
agreed  very  well  with  previous  literature  data.  The  value 
for  pure  Mo  phase  is  approximately  291  ±13  GPa,  which 
is  quite  different  from  the  literature  data,  336  GPa.28,29 
Use  of  a  spherical  indenter  may  help,  reducing  the  vari¬ 
ation.45”47  In  addition,  by  superimposing  a  small  oscil¬ 
lation  during  nanoindentation  loading,  it  is  possible  to 
extract  elastic  modulus  data  more  reliably  from  the  na¬ 
noindentation  experiments.13  Hay  showed  that  the  modu¬ 
lus  of  Mo  extracted  from  nanoindentation  using  this 
method  agreed  very  well  with  the  literature  data.48  For 
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most  materials,  the  hardness  and  modulus  could  be  meas¬ 
ured  with  an  accuracy  of  about  ±10%  for  materials  that 
do  not  exhibit  significant  pile-up. 13,40,41 

The  size  of  the  indents  produced  by  nanoindentation  at 
a  10  mN  load  is  <1.5  jxm  for  all  the  phases  tested  in  the 
present  paper.  The  intermetallic  compounds  and  solid 
solution  phases  formed  by  thermal  interdiffusion  in  the 
diffusion  multiples  range  in  size  from  several  microns  to 
hundreds  of  microns  in  width  (and  several  millimeters  in 
thickness — the  thickness  of  the  bulk  sample),  depending 
on  the  heat  treatment  temperature  and  time,  thus  allowing 
at  least  several  nanoindentation  measurements  to  be 
made  in  each  phase  (in  each  scan).  New  nanoindentation 
testers  allow  the  use  of  a  much  lighter  load  (e.g., 
0.5  mN),  thus  producing  significantly  smaller  indents  on 
the  phases.  The  use  of  a  very  light  load  will  allow  reliable 
hardness  and  modulus  measurements  for  even  the  very 
narrow  phases  formed  in  diffusion  multiples.  Usually  the 
spacing  (step)  between  the  indents  should  at  least  be  >5 
times  their  size  to  avoid  any  potential  interaction  be¬ 
tween  them. 

For  materials  (e.g.,  low  melting  metals)  exhibiting  creep 
at  ambient  temperature,  it  is  possible  to  extract  creep  re¬ 
sistance  data  from  the  time-dependent  penetration 
depth  49,50  This  is  usually  done  by  loading  an  indenter  at 
a  constant  rate  to  a  peak  load  and  holding  for  an  ex¬ 
tended  period  of  time.  Room-temperature  creep  data 
can  be  obtained  especially  when  the  thermal  drift  of 
the  nanoindentation  tester  is  calibrated.  The  use  of  na¬ 
noindentation  in  evaluating  the  creep  resistance  at  el¬ 
evated  temperatures  is  challenged  by  the  inherent 
difficulties  in  measuring  small  displacements  at  elevated 
temperatures. 

Some  limitations  of  the  new  diffusion  multiple  ap¬ 
proach  include  the  following:  (i)  It  cannot  generate  the 
liquid-solid  phase  equilibrium  information  for  solidifi¬ 
cation  and  casting  modeling,  (ii)  It  cannot  evaluate  defect 
formation  propensity  during  synthesis  (such  as  solidifi¬ 
cation  and  forging),  (iii)  To  avoid  melting,  the  highest 
temperature  for  diffusion  heat  treatment  is  limited  to  the 
lowest  liquidus  temperature  of  the  multicomponent  sys¬ 
tem  which  may  not  be  known  a  priori  When  the  liquidus 
is  low,  it  may  take  a  long  time  to  promote  sufficient 
interdiffusion  for  a  reliable  evaluation  of  properties.  To 
determine  phase  diagrams  at  relatively  low  temperatures, 
it  may  be  advantageous  to  use  the  thin-film  combinato¬ 
rial  approaches,  since  much  less  time  is  required  to  form 
a  homogenous  composition  across  the  thin-film  thick¬ 
ness,  especially  when  the  substrate  is  heated  to  the  de¬ 
sired  temperatures  (care  needs  to  be  exercised  to  avoid 
possible  reaction  with  the  substrate).  Kennedy  et  al51 
demonstrated  the  determination  of  the  Fe-Cr-Ni  phase 
diagram  at  760  °C  using  a  continuous  thin  film  compo¬ 
sition  library  generated  using  three  electron-beam  physi¬ 
cal  vapor  deposition  (EB-PVD)  pools.  The  substrate  was 


heated  to  760  °C  in  this  case,  and  all  the  phases  formed 
were  equilibrium  phases.  The  measured  phase  diagram 
agreed  well  with  that  determined  from  equilibrated 
alloys.51 

Very  recently  a  melting  and  floating  zone  combinato¬ 
rial  approach  was  developed  by  Cohen- Adad  etal.52~54 
This  technique  can  be  used  to  generate  continuous  com¬ 
position  libraries  in  binary  and  quasi-binary  systems  and 
can  be  used  to  evaluate  solid-liquid  equilibria.  It  can  also 
be  used  to  evaluate  solidification  processes  due  to  the 
possible  control  of  the  solidification  rate. 

The  diffusion  multiple  approach  enables  efficient  sur¬ 
veys  of  critical  materials  properties  such  as  phase  dia¬ 
grams,  precipitation  kinetics,  hardness,  modulus,  and 
diffusion  coefficients.  Some  of  these  properties  such  as 
precipitation  kinetics  and  diffusion  coefficients  cannot  be 
evaluated  using  the  thin-film  approaches  since  they  are 
usually  very  different  in  bulk  samples  than  in  thin  films 
due  to  the  thickness  and  surface  effects.  Hardness  and 
modulus  can  be  evaluated  from  thin  films  when  the  sub¬ 
strate  effect  is  taken  into  account  or  the  thicknesses  of  the 
films  are  great  enough  to  remove  the  substrate  effect.55 
However,  the  usually  small  grain  size  of  thin-film 
samples  may  produce  additional  (microstructural) 
hardening  to  confound  the  solution-hardening  and 
precipitation-hardening  effects.  In  addition,  the  interme¬ 
tallic  compounds  formed  in  diffusion  multiples  are  more 
often  equilibrium  phases,  whereas  those  in  thin  films  are 
quite  often  metastable  phases,  and  it  would  take  some 
effort  to  promote  equilibrium  phase  formation  by  varying 
the  deposition  and  heat  treatment  temperatures  and  se¬ 
quences.6  This  is  especially  true  when  the  substrate  is 
not  heated. 

The  composition  libraries  generated  in  bulk  diffusion 
multiples  also  offer  potential  for  efficient  surveys  of 
other  mechanical,  physical,  and  chemical  properties.  For 
instance,  the  thermal  emf  probe  used  by  Westbrook 
etal56  may  be  used  to  evaluate  emf  variation  with  com¬ 
position  and  phases.  The  emf  data  will  provide  trends  for 
the  thermal  and  electrical  conductivity  variation  with 
composition.  Some  of  the  screening  tools1,4,6  used  for 
thin-film  approaches  may  also  be  used  to  survey  proper¬ 
ties  from  the  diffusion  multiples. 


V.  SUMMARY 

The  results  of  this  work  showed  that  large  multicom¬ 
ponent  composition  libraries  can  be  generated  in  bulk 
diffusion  multiples  through  high-temperature  thermal  dif¬ 
fusion.  The  coupling  of  diffusion  multiples  and  micros¬ 
cale  composition,  structure,  and  property  measurements 
constitutes  a  powerful  tool  for  structural  materials  re¬ 
search  and  development.  This  technique  can  be  used  to 
efficiently 
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(1)  search  for  novel  compounds  in  multicomponent 
systems  using  EPMA  for  composition  evaluation  and 
EBSD  for  crystal  structure  identifications, 

(2)  map  composition-structure-property  data  (such  as  so¬ 
lution  hardening  effect)  using  EPMA  and  nanoindentation, 

(3)  evaluate  diffusion  coefficients  from  EPMA  com¬ 
position  profiles, 

(4)  survey  precipitation  kinetics  by  cooling  high- 
temperature-exposed  diffusion  multiples  at  different 
rates  or  heat-treating  at  lower  temperatures  for  different 
periods  of  time,  and 

(5)  map  phase  diagrams  and  design  multicomponent 
(>4)  alloys  through  compositional  modifications  by 
using  one  or  more  complex  alloys  as  members  of  diffu¬ 
sion  multiples  to  generate  multicomponent  composition 
libraries. 

This  work  paves  the  way  for  efficient  surveys  of  other 
materials  properties  by  taking  advantage  of  the  compo¬ 
sition  libraries  generated  in  diffusion  multiples. 
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Abstract 

Phase  equilibria  of  Nb-Hf-Si  at  1500  °C  have  been  investigated  for  the  metal-rich  end  of  the  ternary  phase  diagram  using  scan¬ 
ning  electron  microscopy,  electron  probe  microanalysis,  and  electron  backscatter  diffraction  analysis.  An  isothermal  section  at 
1500  °C  was  constructed  for  this  ternary  system  based  on  experimental  data  from  11  alloys  heat  treated  at  1500  °C  for  100  h.  Phase 
equilibria  between  the  following  silicides,  Nb(HD5Si3,  Hf(Nb)5Si3,  Nb(Hf)3Si,  Hf(Nb)2Si,  Hf(Nb)3Si2,  Hf(Nb)5Si4,  Hf(Nb)Si, 
Nb(Hf)Si2,  and  two  metal-rich  solid  solutions,  (3(Nb,Hf,Si)  and  a(Hf,Nb,Si)  are  described.  ©  2001  Elsevier  Science  Ltd.  All  rights 
reserved. 

Keywords:  A.  Composites;  B.  Phase  diagram;  D.  Microstructure;  G.  Aero-engine  components 


1.  Introduction 

Niobium  silicide  based  in-situ  composites  are  poten¬ 
tial  candidates  for  turbine  airfoil  materials  in  advanced 
aircraft  engines  [1-4].  Phase  stability  in  these  composites 
is  required  to  define  the  optimum  compositions  and 
microstructures  for  property  improvements  and  high 
temperature  stability.  This  work  defines  phase  equilibria 
in  the  binary  and  ternary  systems  [5-9]  that  are  required 
to  understand  phase  stability  in  the  multicomponent 
composites.  Hf  has  been  added  to  improve  oxidation 
resistance  and  strength  [2,10].  However,  there  is  pre¬ 
sently  incomplete  knowledge  of  the  Hf-Si  binary  system 
and  there  is  little  existing  information  on  the  Nb-Hf-Si 
ternary  system.  In  this  regard,  previous  work  has  been 
conducted  to  investigate  the  stability  of  the  Hf-Si  bin¬ 
ary  system  [8,9]  and  the  liquid-solid  phase  equilibria  of 
the  Nb-Hf-Si  system  using  directionally  solidified 
alloys  [7].  This  paper  reports  the  isothermal  section  of 
the  Nb-Hf-Si  system  at  1500  °C.  This  is  required  to 
define  phase  stability  of  the  composites  during  service. 
This  temperature  was  selected  because  it  is  below  the 
eutectoid  decomposition  temperature  of  Nb3Si,  but  high 
enough  for  fast  decomposition  kinetics.  The  phase 
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equilibria  at  1500  °C  are  likely  to  be  very  similar  to 
those  at  the  potential  service  temperature,  1200-1400  °C. 

A  schematic  three-dimensional  (3-D)  projection  of  the 
metal-rich  region  of  the  Nb-Hf-Si  phase  diagram  (all 
compositions  are  in  at.%  throughout  this  paper)  is 
shown  in  Fig.  1.  The  binary  Nb-Hf  system  is  based  on 
an  assessment  by  Fernandez-Guillermet  [11].  The  Nb-Si 
system  is  based  on  the  assessments  of  Schlesinger  et  al. 
[12]  and  Liang  and  Chang  [13]  with  the  eutectoid  tem¬ 
perature  being  adjusted  to  ~  1700  °C  based  on  the  result 
reported  by  Mendiratta  and  Dimiduk  [14].  The  L-+ 
bcc(Nb)  +  Nb3Si  eutectic  is  adjusted  to  1880  °C  and  18.2 
at.%  Si  to  reflect  the  temperature  and  composition 
obtained  by  Bewlay  et  al.  [15]  on  directionally  solidified 
(DS)  Nb-Si  alloys.  The  Hf-Si  binary  is  based  on  a 
recent  assessment  [9].  Experimental  results  supporting 
the  Nb-Hf-Si  ternary  phase  diagram  will  be  presented 
in  the  present  article. 

A  total  of  10  phases  are  discussed  in  this  paper.  Their 
crystal  structures  are  listed  in  Table  1  [16,17].  The  Nb3Si 
with  Hf  in  solid  solution  is  referred  to  as  Nb(Hf)3Si;  the 
Nb5Si3  with  Hf  in  solid  solution,  Nb(Hf)5Si3;  the  NbSi2 
with  Hf  in  solid  solution,  Nb(Hf)Si2;  the  HfSi  with  Nb 
in  solid  solution,  Hf(Nb)Si;  the  Hf5Si4  with  Nb  in  solid 
solution,  Hf(Nb)5Si4;  the  Hf3Si2  with  Nb  in  solid  solu¬ 
tion,  Hf(Nb)3Si2;  the  Hf5Si3  with  Nb  in  solid  solution, 
Hf(Nb)5Si3;  the  Hf2Si  with  Nb  in  solid  solution, 
Hf(Nb)2Si.  None  of  these  silicides  is  isomorphous.  In 
addition,  there  were  two  Nb-Hf  solid  solutions 
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Table  1 

Crystal  structures  of  the  phases  observed  in  the  Nb-Hf-Si  ternary  system  together  with  the  lattice  parameters  are  for  binary  compounds  and  solid- 
solution  phases 


Phase 

Prototype 

Space  group 

Lattice  parameters  (nm) 

Ref. 

Nb(Hf)3Si 

PTi3 

P42/n 

a  =  1.0224,  c  =  0.5 189 

[16] 

Nb(Hf)5Si3 

Cr5B3 

I4/mcm 

a  =  0.6570,  c  —  1.1884 

[16] 

Nb(Hf)Si2 

CrSi2 

P6422 

a  =  0.4794,  c  =  0.6589 

[16] 

Hf(Nb)Si 

FeB 

Pnma 

a  =  0.6889,  6  =  0.3772,  c  =  0.5223 

[16,17] 

Hf(Nb)5Si4 

Zr^Si* 

P41212 

a  =  0.7039,  c=  1.283 

[16,17] 

Hf(Nb)3Si2 

U3Si2 

P4/mbm 

a  =  0.6988,c  =  0.3675 

[16,17] 

Hf(Nb)5Si3 

Mn5Si3 

P63/mcm 

a  =  0.7844,  c  =  0.5492 

[16,17] 

Hf(Nb)2Si 

A12Cu 

I4/mcm 

<2  =  0.6553,  c  =  0.5186 

[16,17] 

p(Nb,Hf,Si) 

w 

Im3m 

a  =  0.33007  to  0.3610 

[16] 

oc(Hf,Nb,Si) 

Mg 

P63/mmc 

a  =  0.3 1946,  c  =  0.5058 

[16] 

containing  small  amounts  of  Si  for  which  the  hep  phase  is 
given  the  prefix  a  and  the  bcc  phase  is  given  the  prefix  p. 

The  aim  of  the  present  paper  is  to  describe  the  1500  °C 
isothermal  section  of  the  metal-rich  end  of  the  Nb-Hf- 
Si  phase  diagram. 


2.  Experimental  procedures 

The  samples  were  prepared  using  either  cold  crucible 
directional  solidification  [2,18]  after  triple  melting  the 
starting  charges  from  high  purity  elements  (>99.99%), 


or  induction  skull  melting  (ISM).  The  DS  procedure  has 
been  described  in  more  detail  previously  [18].  The  as-cast 
microstructures  of  the  corresponding  alloys  have  been 
described  in  detail  elsewhere  [7].  The  sum  of  the  con¬ 
centrations  of  the  interstitials  (O,  N,  and  C)  of  the  start¬ 
ing  elements  was  less  than  80  wt.  ppm.  Table  2  shows  the 
range  of  nominal  compositions  that  was  investigated. 
Samples  for  heat  treatment  were  wrapped  in  Nb  foil  and 
heat  treated  at  1500  °C  for  100  h  in  a  vacuum  (<10-5 
Torr)  furnace.  Several  samples  still  have  not  reached  full 
equilibrium  (i.e.  decomposition  towards  equilibrium  is 
not  yet  complete)  after  the  1 500  °C/100  h  heat  treatment, 
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Table  2 

Compositions  and  constituent  phases  of  the  alloys  investigated.  (The  phases  shown  in  bold  are  equilibrium  phases  for  the  alloys) 


Composition 

Phases  in  as-DS  condition 

Phases  after  1500  °C/100  h  heat  treatment 

Nb-15%Hf-16%Si 

Nb-1 0%Hf-l  6%Si 

Primary  P(Nb,Hf,Si)  dendrites  with 
Nb(Hf)3Si-P(Nb,Hf,Si)  eutectic 

3(Nb,Hf,Si),  Nb(Hf)sSi3,  Hf(Nb)2Si,  and  Hf(Nb)5Si3a 

Nb-5  %  Hf- 1 9  %  Si 

Nb-1 0% H  f- 1 8. 5  %  Si 

Primary  Nb(Hf)3Si  with 

Nb(Hf)3Si-p(Nb,Hf,Si)  eutectic 

(3(Nb,Hf,Si)  and  Nb(Hf)5Si3 

Nb-10%Hf-25%Si 

Primary  Nb(Hf)sSi3,  peritectic 

Nb(Hf)3Si,  Nb(Hf)3Si-P(Nb,Hf,Si)  eutectic 

(3(Nb,Hf,Si),  Nb(Hf)5Si3,  and  Hf(Nb)5Si3a 

Nb-30  %  Hf-25%  Si 

Primary  Hf(Nb)5Si3, 
peritectic  Hf(Nb)2Si, 

H  f(Nb)2Si-p(Nb,Hf,Si)  eutectic 

Hf(Nb)2Si  and  (3(Nb,Hf,Si),  and  a(Nb,Hf,Si)a 

Nb-60  %  H  f-2  5  %  S  i 

Nb-40%  Hf-30  %  S  i 

Primary  Hf(Nb)2Si 

with  Hf(Nb)2Si-p(Nb,Hf,Si)  eutectic 

Hf(Nb)2Si  and  (3(Nb,Hf,Si),  and  <x(Nb,Hf,Si)a 

Nb-80%  Hf- 1 4%  S  i 

Nb-73%  Hf-1 7%  Si 

Primary  HffNb)2Si, 

Hf(Nb)2Si-|3(Nb,Hf,Si) 
eutectic;  (3-^(3  +  a 

Hf(Nb)2Si  and  (3(Nb,Hf,Si);  p-»P  +  a 

Nb-80%  Hf-5  %  Si 

Primary  P(Nb,Hf,Si) 

with  Hf(Nb)2Si-p(Nb,Hf,Si)  eutectic 

Hf(Nb)2Si  and  (3(Nb,Hf,Si);  p^p  +  a 

Nb-90Hf-5Si 

Induction  skull  melted 

Hf(Nb)2Si,  p(Nb,Hf,Si),  and  oc(Nb,Hf,Si);  p-*p  +  a 

Nb-50Hf-37.5Si 

Primary  Hf(Nb)5Si3, 

peritectic  Hf(Nb)2Si,  and 

eutectic  Hf(Nb)2Si  and  P(Nb,Hf,Si) 

Inhomogeneous  sample.  First  area:  Hf(Nb)Si 
+  Hf(Nb)5Si4  +  Nb(Hf)Si2;  the  second  area: 
p(Nb,Hf,Si)  +  Hf(Nb)2Si 

Nb-55Hf-37.5Si 

Induction  skull  melted 

Single  phase  Hf(Nb)5Si3.  Small  amounts  of 
Hf(Nb)3Si2,  Hf(Nb)2Si  and  P(Nb,Hf,Si) 
due  to  inhomogeneity 

a  Formed  due  to  inhomogeneity  in  the  as-DS  structure. 


thus  the  phase  diagram  information  reported  in  this 
paper  is  often  inferred  from  local  equilibrium  at  small 
areas  and  at  phase  interfaces. 

All  of  the  samples  were  examined  using  scanning  elec¬ 
tron  microscopy  (SEM)  backscatter  electron  (BSE)  ima¬ 
ging  and  energy  dispersive  spectrometry  (EDS).  Phase 
compositions  were  measured  on  selected  samples  using 
electron  probe  microanalysis  (EPMA)  which  was  per¬ 
formed  on  a  JEOL  733  microprobe  operating  at  15  kV, 
20  nA,  and  ~1  pm  beam  diameter  (Japan  Electron 
Optics  Ltd.,  Tokyo).  Pure  Nb,  pure  Hf  and  stoichio¬ 
metric  Hf2Si  were  used  as  standards  for  Nb,  Hf  and  Si, 
respectively.  There  is  indigenous  Zr  in  essentially  all 
commercially  available  Hf.  The  Zr  content  in  the  cast 
alloys  was  estimated  at  <2  at.%.  Zr  analysis  was  per¬ 
formed  along  with  the  other  three  elements  and  the  Zr 
concentration  in  all  the  phases  was  less  than  ~3  at.%.  In 
consideration  of  the  similarity  of  Zr  and  Hf — which  can 
be  appreciated  by  the  similarity  of  the  Hf-Si  and  Zr-Si 
phase  diagrams  [9,19],  Zr  concentration  was  added  to 
Hf  concentration  for  each  EPMA  measurement.  Some 
of  the  phases  analyzed  using  EPMA  were  very  small, 
effort  was  made  to  analyze  phases  that  were  larger  than 
3  pm.  Compositions  of  the  phases  smaller  than  3  pm 
were  not  used  to  construct  the  phase  diagram. 

Phase  identification  of  selected  compositions  was  also 
performed  using  the  electron  backscatter  diffraction 
(EBSD)  technique  in  SEM  [20,21].  This  technique  allows 
easy  selection  of  microstructural  features  using  BSE 
imaging  for  rapid  diffraction  pattern  collection  and  ana¬ 
lysis.  A  CamScan  CS44  SEM  (Cam  Scan  Electron 


Optics,  Ltd.,  Cambridge,  UK)  was  operated  using  a  40 
kV,  '■'-TO  nA  electron  beam.  Positive  phase  identifica¬ 
tion  was  accomplished  by  direct  comparison  of  the 
location  and  character  of  the  diffraction  bands  in  the 
experimental  pattern  with  those  calculated  from  simu¬ 
lated  patterns  generated  using  the  possible  structure 
types  and  lattice  parameters. 


3.  Results  and  discussion 

The  microstructure,  phase  composition  and  crystal 
structure  data  obtained  from  selected  samples  are  sum¬ 
marized  in  the  isothermal  section  shown  in  Fig.  2  and  in 
Table  2.  These  will  be  described  in  more  detail  below. 

3.1.  Nb-10Hf-16Si 

The  equilibrium  micro  structure  was  three-phase 
p(Nb,Hf,Si)  +  Nb(Hf)5Si3  +  Hf(Nb)2Si.  Typical  BSE 
micrographs  are  shown  in  Fig.  3.  The  bright  phase  was 
Hf(Nb)5Si3,  the  light  gray  phase  was  Hf(Nb)2Si,  the 
darker  gray  phase  was  Nb(Hf)5Si3,  and  the  darkest 
phase  was  (3(Nb,Hf,Si).  The  crystal  structures  of  these 
phases  were  confirmed  using  EBSD.  Most  of  the  eutec¬ 
tic  Nb(Hf)3Si  phase  in  the  as-DS  alloy  [the  as-DS 
microstructure  consisted  of  P(Nb,Hf,Si)  dendrites  with 
interdendritic  cells  of  Nb(Hf)3Si  and  p(Nb,Hf,Si);  see 
Ref.  7]  underwent  the  eutectoid  decomposition  to 
P(Nb,Hf,Si)  and  Nb(Hf)5Si3  during  the  1500  °C 
annealing.  In  addition,  because  of  the  inhomogeneous 
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Fig.  2.  Isothermal  section  of  the  estimated  equilibrium  Nb-Hf-Si 
phase  diagram  at  1500  °C.  The  bulk  alloy  compositions  are  shown  as 
solid  squares.  EPMA  measurements  of  phase  compositions  are  shown 
as  open  circles.  The  tie-triangles  constructed  in  dashed  lines  were  esti¬ 
mated. 


nature  of  the  as-DS  alloys,  there  were  Hf(Nb)2Si  and 
Hf(Nb)5Si3  phases  formed  in  Hf-rich  interdendritic 
regions.  Thus,  four  phases  were  observed  in  the  1500  °C 
sample,  and  this  made  it  possible  to  define  two  three- 
phase  regions:  p(Nb,Hf,Si)  +  Nb(Hf)5Si3  +  Hf(Nb)2Si 
and  Nb(Hf)5Si3  +  Hf(Nb)2Si  +  Hf(Nb)5Si3.  The  solubility 
of  Hf  in  the  Nb(Hf)5Si3  phase  is  —  16%.  The  solubility 
of  Nb  in  Hf(Nb)5Si3  and  Hf(Nb)2Si  are  -36  and 
—47%,  respectively.  After  100  h,  the  alloy  had  still  not 
reached  full  equilibrium.  On  prolonged  annealing,  the 
Hf(Nb)5Si3  phase  would  be  expected  to  transform  to 
Hf(Nb)2Si  (and/or  Nb(Hf)sSi3)  as  more  Nb  diffused 
into  the  region  (and  Hf  and  Si  diffused  out).  In  addition, 
there  were  regions  where  the  Nb(Hf)3Si  was  still  experi¬ 
encing  the  eutectoid  decomposition  process,  as  shown  in 
Fig.  3(b). 

3.2.  Nb-10Hf-18.5Si 

The  annealed  microstructure  was  similar  to  that  of 
Nb-10Hf-16Si.  Again  the  Nb(Hf)3Si  phase  underwent 
partial  eutectoid  decomposition  into  p(Nb,Hf,Si)  and 
Nb(Hf)5Si3  and  the  decomposition  process  was  not  fully 
complete. 

3.3.  Nb-I0Hf-25Si 

The  equilibrium  structure  was  two-phase  P(Nb,Hf, 
Si)  +  Nb(Hf)5Si3.  The  Nb(Hf)3Si  phase  in  the  as-DS 
alloy  underwent  partial  eutectoid  decomposition  to  P 
(Nb,Hf,Si)  and  Nb(Hf)5Si3  after  the  1500  °C  heat  treat¬ 
ment  as  shown  in  Fig.  4.  The  eutectic  regions  in  as-DS 
condition  were  richer  in  Hf  and  there  was  some 


Hf(Nb)2Si  B(Nb,Hf,Si)  Nb(Hf)5Si3  Hf(Nb),Si3 


Fig.  3.  SEM  BSE  images  of  the  Nb-10Hf-16Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h.  The  bright  phase  is  Hf(Nb)5Si3,  the  light 
gray  phase  is  Hf(Nb)2Si,  the  dark  gray  phase  is  Nb(Hf)5Si3,  and  the 
dark  phase  is  J3(Nb,Hf,Si).  The  area  shown  in  a  circle  in  (b)  is  non- 
equilibrium  and  is  Nb(Hf)3Si  that  was  decomposing  to  Nb(Hf)5Si3  and 
P(Nb,Hf,Si). 


Hf(Nb)5Si3  formed  after  the  1500  °C  treatment.  Again 
the  alloy  had  not  fully  equilibrated  after  100  h.  Some 
regions  were  still  in  the  decomposition  process,  as 
shown  in  Fig.  4(b).  EPMA  from  regions  where  decom¬ 
position  appeared  complete  yielded  an  average  compo¬ 
sition  of  95.3Nb-4.2Hf-0.5Si  for  the  metal  (bcc)  phase, 
55.2Nb-10.5Hf-34.3Si  for  the  Nb(Hf)5Si3,  and  36.7Nb- 
26.1Hf-37.2Si  for  Hf(Nb)5Si3. 

3.4.  Nb~30Hf-25Si 

The  micro  structure  consisted  predominately  of  two- 
phases,  p(Nb,Hf,Si)  +  Hf(Nb)2Si,  as  shown  in  Fig.  5  and 
the  equilibrium  microstructure  was  these  two  phases. 
The  primary  Hf(Nb)5Si3  in  as-DS  alloy  had  transformed 
into  the  equilibrium  Hf(Nb)2Si  phase  on  annealing.  The 
P(Nb,Hf,Si)  and  Hf(Nb)2Si  had  compositions  of  81Nb- 
18.5Hf-0.5Si  and  33.5Nb^32.8Hf-31.7Si,  respectively. 
In  some  areas,  the  Hf(Nb)2Si  phase  possessed  a  higher 
Hf  concentration  (24.4Nb-42.5Hf-33.lSi);  this  was 
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probably  the  result  of  compositional  inhomogeneity 
(dendrites  vs  eutectic  regions)  in  the  as-DS  structures. 
There  was  also  some  a(Nb,Hf,Si),  which  was  probably 
also  the  result  of  inhomogeneity. 


Fig.  4.  SEM  BSE  images  of  the  Nb~10Hf-25Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h:  (a)  low  magnification  image  and  (b)  high 
magnification  image.  The  white  phase  is  Hf(Nb)5Si3  that  resulted  from 
segregation  in  the  original  as-DS  structure. 


Fig.  5.  SEM  BSE  image  of  the  Nb-30Hf-25Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h.  The  white  phase  is  a(Hf,Nb,Si)  which  was 
probably  the  result  of  inhomogeneity  in  the  as-DS  sample.  The  gray 
and  dark  phases  are  Hf(Nb)2Si  and  (3(Hf,Nb,Si),  respectively. 


5.5.  Nb-40Hf-30Si 

The  equilibrium  microstructure  also  consisted  of  two 
phases,  P(Nb,Hf,Si)  +  Hf(Nb)2Si,  but  the  volume  frac¬ 
tion  of  the  Hf(Nb)2Si  phase  was  much  higher,  as  shown 
in  Fig.  6.  The  primary  Hf(Nb)5Si3  in  as-DS  alloy  had 
transformed  into  the  equilibrium  Hf(Nb)2Si  phase  after 
annealing.  The  compositions  of  (3(Nb,Hf,Si)  and 
Hf(Nb)2Si  were  68.4Nb-30.7Hf-0.9Si  and  23.2Nb- 
44.1Hf-32.7Si,  respectively.  The  Hf  concentrations  of 
both  phases  are  higher  than  those  of  the  Nb-30Hf-25Si 
alloy;  this  is  consistent  with  the  phase  diagram  shown  in 
Fig.  2.  Some  areas  had  Hf(Nb)2Si  with  a  higher  Hf 
concentration  (18.8Nb^l8Hf-33.2Si),  again  this  was 
probably  the  result  of  compositional  inhomogeneity 
(dendrites  vs  eutectic  regions)  in  the  as-DS  structures. 

3.6.  Nb-60Hf-25Si 

The  microstructure  also  consisted  predominately  of 
two  phases,  |3(Nb,Hf,Si)  +  Hf(Nb)2Si,  as  shown  in 
Fig.  7,  and  these  were  the  equilibrium  phases.  The 
primary  Hf(Nb)5Si3  in  the  as-DS  alloy  had  trans¬ 
formed  into  the  equilibrium  Hf(Nb)2Si  phase  after 
annealing.  The  compositions  of  p(Nb,Hf,Si)  and 
Hf(Nb)2Si  were  34.0Nb-63.9Hf-2.1Si  and  9.0Nb-58.0 
Hf-33.0Si,  respectively.  There  were  also  some  small 
Hf-rich  particles  [Fig.  7(b)]  that  were  too  small  to  be 
identified  using  SEM,  EBSD,  or  EMPA.  These  parti¬ 
cles  were  either  remnant  of  some  Hf-rich  regions  dur¬ 
ing  decomposition  or  precipitates  that  formed  during 
cooling.  There  were  also  some  larger  scale  (~20  jams) 
Hf-rich  a(Hf,Nb,Si)  particles  with  average  composi¬ 
tions  varying  from  4.6Nb-92.2Hf-3.2Si  to  10.9Nb- 
86.3Hf-2.8Si  [Fig,  7(a)].  These  phases  were  non-equili¬ 
brium  and  they  would  have  been  homogenized  out  at 
longer  annealing  times. 


Fig.  6.  SEM  BSE  image  of  the  Nb-40Hf-30Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h.  The  gray  and  dark  phases  are  Hf(Nb)2Si 
and  p(Hf,Nb,Si),  respectively. 
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3.7.  Nb-73Hf~l 7 Si 

Two  different  interpretations  of  the  microstructure 
(Fig.  8)  are  possible.  The  first  scenario  is  that  the  equi¬ 
librium  microstructure  was  two-phase  p(Nb,Hf, 
Si)  +  Hf(Nb)2Si.  The  white,  lath/plate-like  precipitates 
were  transformed  a(Hf,Nb,Si)  formed  from  the  high 
temperature  p(Nb,Hf,Si)  phase  on  cooling  from  1500  °C, 
which  can  be  appreciated  by  looking  at  the  Nb-Hf  bin¬ 
ary  phase  diagram  [11]  (see  Fig.  1).  There  were  also 
some  a(Hf,Nb,Si)  phase  precipitates  formed  at  1500  °C 
in  Hf-rich  regions,  but  these  had  some  precipitates  in 
them,  probably  Hf(Nb)2Si.  The  average  composition  for 
the  Hf(Nb)2Si  phase  was  3.8Nb-62.6Hf-33.7Si.  It  was 
difficult  to  measure  the  P(Nb,  Hf,Si)  phase  composition 
at  1500  °C  because  of  the  p-*a  transformation.  The 
transformed  P  and  a  compositions  were  23.4Nb- 
74.1Hf-2.5Si  and  3.3Nb-93.7Hf-3.0Si,  respectively.  The 
original  p(Nb,Hf,Si)  phase  composition  was  probably 


Fig.  7.  SEM  BSE  images  of  the  Nb-60Hf-25Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h:  (a)  low  magnification  and  (b)  high  magni¬ 
fication.  The  dark  phase  is  Hf(Nb)2Si  and  the  contrast  in  it  was 
probably  due  to  different  grain  orientations.  The  gray  phase  is 
p(Nb,Hf,Si).  The  light  gray  phase  inside  P(Nb,Hf,Si)  shown  in  (b)  is 
probably  a(Nb,Hf,Si)  formed  during  cooling  from  1500  °C.  The  white 
phase  is  a(Nb,Hf,Si),  very  rich  in  Hf,  which  was  probably  the  result  of 
inhomogcncity  in  the  as-DS  structure. 


close  to  the  average  of  the  two,  based  on  a  near  50:50 
mixture  in  Fig.  8.  The  tie-line  was  not  drawn  due  to 
uncertainty  in  the  P-phase  composition. 

The  second  interpretation  is  that  the  equilibrium 
microstructure  was  three-phase:  a(Hf,Nb,Si)  +  P(Nb, 
Hf,Si)  +  Hf(Nb)2Si  in  which  the  a(Nb,Hf,Si)  and  P(Nb, 
Hf,Si)  phase  had  a  composition  of  3.3Nb-93.7Hf-3.0Si 
and  23.4Nb-74.1Hf-2.5Si,  respectively.  The  P(Nb,Hf, 
Si)  phase  composition,  however,  seems  inconsistent  with 
that  projected  from  the  Nb-Hf  binary  phase  diagram. 

3.8 .  Nb-80Hf-5Si 

The  equilibrium  micro  structure  could  be  two-phase 
P(Nb,Hf,Si)  +  Hf(Nb)2Si,  or  three-phase  ot(Hf,Nb,Si)  + 
P(Nb,Hf,Si)  +  Hf(Nb)2Si.  The  amount  of  Hf(Nb)2Si  was 
very  small.  The  p(Nb,Hf,Si)  phase  transformed  to  P(Nb, 
Hf,Si)  and  a(Hf,Nb,Si)  on  cooling  from  1500  °C  (Fig.  9). 
There  were  also  precipitates,  probably  P(Nb,Hf,Si), 
formed  during  cooling  in  the  original  a(Hf,Nb,Si)  phase 
[Fig.  9(b)].  No  EPMA  was  performed  on  this  sample. 
This  alloy  was  probably  in  a  two-phase  region. 

3.9 .  Nb-90Hf-5Si 

The  equilibrium  microstructure  probably  consisted 
of  three-phase  P(Nb,Hf,Si)  +  a(Nb,Hf,Si)  +  Hf(Nb)2Si 
(Fig.  10).  The  light  gray  phase  was  a(Hf,Nb,Si)  with  an 
average  composition  of  3.1Nb-93.1Hf-3.8Si.  The  dark 
gray  phase  had  an  average  composition  of  21.7Nb- 
75.6Hf-2.7Si  and  was  (3(Nb,Hf,Si).  The  original  p(Nb, 
Hf,Si)  phase  further  transformed  to  P(Nb,Hf,Si)  and 
a(Hf,Nb,Si)  on  cooling  from  1500  °C  and  appears  as  a 
two-phase  structure  in  Fig.  10.  The  average  composition 


Fig.  8.  SEM  BSE  image  of  the  Nb-73Hf-17Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h.  The  dark  phase  is  Hf(Nb)2Si.  The  two- 
phase  region  was  |3(Nb,Hf,Si)  at  1500  °C  and  it  transformed  into 
fi(Nb,Hf,Si)  +  a(Nb,Hf,Si)  during  cooling.  There  was  a  very  small 
amount  of  a(Nb,Hf,Si)  present  at  1500  °C. 
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Fig.  9.  SEM  BSE  images  of  the  Nb-80Hf-5Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h:  (a)  low  magnification  and  (b)  high  magni¬ 
fication.  The  dark  phase  is  Hf(Nb)2Si.  The  two-phase  region  was 
original  P(Nb,Hf,Si)  at  1500  °C  and  it  transformed  into  p(Nb,Hf, 
Si)  +  a(Nb,Hf,Si)  during  cooling.  The  light  gray  phase  is  a(Nb,Hf,Si) 
which  was  present  at  1500  °C. 


Transformed  a 


Fig.  10.  SEM  BSE  image  of  the  Nb-90Hf-5Si  alloy  after  heat  treat¬ 
ment  at  1500  °C  for  100  h.  The  darkest  phase  is  Hf(Nb)2Si.  The  white 
phase  is  oc(Hf,Nb,Si).  The  two-phase  region  was  original  (3(Nb,Hf,Si) 
at  1500  °C  and  it  transformed  into  p(Nb,Hf,Si)  +  a(Nb,Hf,Si)  during 
cooling. 


of  the  two-phase  region  obtained  via  area-average  scan¬ 
ning  mode  in  EMPA  was  1  L3Nb-85.0Hf-3.7Si  which 
probably  represents  the  original  p(Nb,Hf,Si)  phase 
composition  at  1500  °C.  The  dark  phase  in  Fig.  10  was 
Hf(Nb)2Si  with  a  composition  of  2.0Nb-64.4Hf-33.6Si. 

3. JO.  Nb-50Hf-37.5Si 

The  ISM  ingot  was  very  inhomogeneous.  After  the 
1500  °C  anneal,  part  of  the  sample  displayed  a  well- 
defined  three-phase  structure,  as  shown  in  Fig.  11(a). 
The  three  phases  were  identified  as  Hf(Nb)Si,  Hf(Nb)5Si4, 
and  Nb(Hf)Si2  with  compositions  of  4.7Nb^l5.9Hf- 
49.4Si,  21.6Nb-34.4Hf-44.0Si,  and26.2Nfc^9.4Hf-64.4Si, 
respectively.  In  other  areas,  two-phase  regions  were 
observed.  They  were  p(Nb,Hf,Si)  (68.0Nb-30.9Hf- 
l.lSi)  and  Hf(Nb)2Si  (20.2Nb-46.4Hf-33.4Si),  as  shown 
in  Fig.  11(b).  The  crystal  structures  of  all  these  phases  were 
confirmed  using  EBSD.  The  dramatic  difference  in 


Nb(Hf)Si,  Hf(Nb)Si  HffNbLSL 


Fig.  11.  SEM  BSE  images  of  the  Nb-50Hf~37.5Si  alloy  after  heat 
treatment  at  1500  °C  for  100  h.  These  images  (a)  and  (b)  were  from 
different  regions  of  the  sample  which  was  inhomogeneous.  The  darkest 
phase  in  (a)  is  Nb(Hf)Si2;  the  dark  gray  phase  is  Hf(Nb)5Si4;  and  the 
Light  gray  phase  is  Hf(Nb)Si.  The  white  lines  shown  in  (a)  were 
cracks  in  the  sputtered  carbon  coating  on  the  surface  of  the  sample. 
The  region  in  (b)  consisted  of  two  phases:  P(Nb,Hf,Si)  (darker)  and 
Hf(Nb)2Si  (brighter). 
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Fig.  12.  SEM  BSE  image  of  the  Nb-55Hf-37.5Si  alloy  after  heat 
treatment  at  1500  °C  for  100  h.  There  were  three  phases,  but  there  was 
little  contrast  between  them.  EBSD  was  used  for  phase  identification. 
The  white  dots  in  the  micrograph  are  imperfections  in  the  surface 
carbon  coating.  The  darkest  lines  and  areas  were  cracks  and  pores  in 
the  sample. 


Fig.  13.  EBSD  pattern  of  the  Hf(Nb)2Si  phase  in  the  Nb-55Hf-37.5Si 
alloy  after  heat  treatment  at  1500  °C  for  100  h. 


microstructure  of  the  two  areas  arose  becasue  the  ISM 
ingot  was  difficult  to  homogenize. 

3.11.  Nb-55 Hf-3 7. 5 Si 

The  equilibrium  state  of  this  alloy  was  probably  sin¬ 
gle-phase  Hf(Nb)5Si3.  The  microstructure  after  the 
1500  °C/100  h  anneal  consisted  mostly  of  Hf(Nb)5Si3 
with  a  composition  of  6.9Nb-55.3Hf-37.8Si,  as  shown 
in  Fig.  12.  Due  to  the  inhomogeneity  of  the  original  cast 
structure,  there  were  also  small  amounts  of  Hf(Nb)3Si2 


(6.5Nb-53.8Hf-39.7Si),  Hf(Nb)2Si  (7.9Nb-58.6Hf- 
33.6Si)  and  P(Nb,Hf,Si)  (38.7Nb-59.1Hf-2.2Si),  respec¬ 
tively.  The  atomic  number  contrast  was  very  low 
between  the  three  silicides  in  this  alloy,  which  made  the 
contrast  difference  in  the  BSE  image  (Fig.  12)  very  low. 
The  phases  were  therefore  identified  using  EBSD.  An 
exemplar  EBSD  pattern  of  the  Hf(Nb)2Si  phase  is 
shown  in  Fig.  13. 


4.  Conclusions 

The  microstructures  generated  in  the  ternary  Nb-Hf- 
Si  alloys  investigated  contained  a  total  of  10  phases: 
P(Nb,Hf,Si),  a(Hf,Nb,Si),  Nb(Hf)5Si3,  Hf(Nb)5Si3, 
Nb(Hf)3Si,  Hf(Nb)2Si,  Hf(Nb)3Si2,  Hf(Nb)5Si4, 
Hf(Nb)Si,  and  Nb(Hf)Si2.  The  isothermal  section  of  the 
Nb-Hf-Si  system  at  1500  °C  has  been  defined. 

The  Nb  solubility  is  -46%  in  Hf(Nb)2Si,  -36%  in 
Hf(Nb)5Si3,  >  6.5%  in  Hf(Nb)3Si2,  ^22%  in  Hf(Nb)5Si4, 
and  5%  in  Hf(Nb)Si.  The  Hf  solubilities  in  Nb(H05Si3 
and  Nb(Hf)Si2  are  — 16  and  9.4%,  respectively.  Four  three- 
phase  regions,  p(Nb,Hf,Si)  +  Nb(Hf)5Si3  +  Hf(Nb)2Si, 
Nb(Hf)5Si3  +  Hf(Nb)2Si  4-  Hf(Nb)5Si3,  P(Nb,Hf,Si)  + 
a(Hf,Nb,Si)  +  Hf(Nb)2Si,  and  Nb(Hf)Si2  +  Hf(Nb)5Si3 
+  Hf(Nb)Si  have  been  defined.  The  Nb(Hf)3Si  phase 
was  unstable  at  1500  °C  and  decomposed  by  an  eutec- 
toid  transformation  to  p(Nb,Hf,Si)  and  Nb(Hf)5Si3. 
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Abstract 


Nb-Si 


In-situ  composites  based  on  Nb  silicides  have  great 
potential  for  future  high-temperature  applications.  This 
paper  will  describe  phase  stability  in  the  Nb-Ti-Si-Cr-Hf-Al 
system  by  examining  the  related  key  binary  and  ternary 
systems  using  new  experimental  data  obtained  from  a  high- 
efficiency  diffusion  multiple  approach,  as  well  as  previous 
literature  data.  The  Nb-Si,  Nb-Ti-Si,  Nb-Hf-Si,  Nb-Cr-Si, 
Ti-Cr-Si,  and  Nb-Al-Si  phase  diagrams  are  discussed.  The 
focus  of  this  paper  is  placed  on  die  phases  that  are  major 
constituents  in  the  composites,  such  as  the  liquid  phase,  the 
Nb-Ti-based  bcc  metal  phase,  Nb5Si3,  Ti5Si3,  Nb3Si,  and  the 
Cr2Nb-based  Laves  phases.  Alloying  effects  of  various 
additions  of  elements,  such  as  Ti,  Hf,  Cr,  A1  to  Nb-Si  are 
discussed. 

Introduction 

Nb  silicide-based  composites  show  great  promise  for 
application  as  the  next  generation  turbine  airfoil  materials 
with  significantly  higher  operating  temperatures  than 
current  generation  advanced  Ni-base  superalloys  [1-4].  The 
potential  application  of  these  composites  at  very  high 
temperatures  requires  a  balance  of  high  creep  resistance, 
high  oxidation  resistance,  and  low-temperature  damage 
tolerance.  The  aim  of  the  present  paper  is  to  review  alloying 
effects  and  phase  stability  in  Nb  silicide  based  composites 
derived  from  binary,  ternary  and  higher  order  alloys.  The 
status  of  the  development  of  these  composites  is  described 
separately  [5]. 


The  composition  range  and  potential  use  temperatures  of 
the  composites  are  highlighted  in  the  binary  Nb-Si  phase 
diagram,  Fig.  1.  The  Nb  silicide  based  composites  consist 
of  the  bcc(Nb)  phase  and  the  tetragonal  Nb5Si3  phase  (tI32). 
The  phase  diagram  was  based  on  an  assessment  by 
Schlesinger  et  al  [6]  with  the  eutectoid  temperature  being 
adjusted  to  ~  1700°C  based  on  the  result  reported  by 
Mendiratta  and  Dimiduk  [7].  The  L  -*  bcc(Nb)  +  Nb3Si 
eutectic  is  adjusted  to  1880°C  and  18.2  at.%  Si  to  reflect 
the  temperature  and  composition  obtained  by  Bewlay  et  al 
[8]  on  directionally  solidified  (DS)  Nb-Si  alloys  (all 
compositions  are  in  at.%  throughout  this  paper,  including 
the  phase  diagrams  in  the  figures).  The  products  of  the 
eutectic  reaction  in  the  binary  system  are  bcc(Nb)  +  Nb3Si. 
The  Nb5Si3  phase  forms  after  the  decomposition  of  the 
Nb3Si  phase  via  an  eutectoid  reaction  Nb3Si  ->  bcc(Nb)  + 
Nb5Si3  at  ~1700°C,  or  as  the  primary  solidification  product 
in  hypereutectic  alloys.  There  are  two  different  Nb5Si3 
phases  based  on  the  same  crystal  structure  (fI32)  but  they 
have  different  lattice  parameters.  For  the  sake  of 
simplicity,  no  differentiation  is  made  throughout  this  paper. 

Although  the  equilibrium  phases  at  the  potential  use 
temperatures  are  bcc(Nb)  +  Nb5Si3  (Fig.  1),  the  composites 
solidify  with  the  Nb3Si  phase  during  casting  (including 
directional  solidification).  The  decomposition  kinetics  of 
Nb3Si  were  found  to  be  very  sluggish  [7].  The  volume 
fraction  of  silicide  does  change  depending  on  whether  the 
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silicide  is  Nb5Si3  or  Nb3Si.  For  instance,  at  18  at.%Si,  the 
volume  fraction  of  the  silicide  is  ~0.5  or  -0.7  for  Nb5Si3 
or  Nb3Si,  respectively.  The  silicide  volume  fraction  can 
have  an  effect  on  the  fracture  toughness  of  the 
composites. 

The  binary  in-situ  composites  have  excellent  creep 
strength,  but  poor  oxidation  resistance  and  poor  room 
temperature  fracture  toughness  [1,2].  Alloying  with  other 
elements  to  improve  the  oxidation  resistance  and  fracture 
toughness  is  required. 


Nb  Atomic  Percent  Si  Si 

Fig.  1  Phase  diagram  of  the  Nb-Si  binary  system  based  on 
Schlesinger  et  al  [6]  and  results  of  Mendiratta  and  Dimiduk  [7] 
and  Bewlay  et  al.  [8].  The  shaded  box  shows  the  composition 
range  and  potential  use  temperatures  of  the  composites. 

Nb-Ti-Si 

Since  Ti  is  one  of  the  most  important  alloying  elements  in 
Nb  silicide  composites,  a  detailed  study  of  the  Nb-Ti-Si 
phase  diagram  was  carried  out  by  Bewlay  et  al.  [9,  10], 
Subramanian  et  al.  [11]  and  Zhao  et  al.  [12].  The  results 
are  summarized  in  Fig.  2,  in  which  Fig.  2(a)  is  a 
projection  of  a  three-dimensional  (3D)  phase  diagram. 
The  liquidus  projection  was  constructed  by  Bewlay  et  al 
[9]  by  examining  the  microstructure  of  DS  alloys. 
Isothermal  sections  at  several  different  temperatures  from 
1000  °C  to  1500°C  have  been  measured  in  order  to 
construct  the  whole  ternary  diagram  [10-12].  It  can  been 
seen  that  Ti:  1)  stabilizes  Nb3Si  to  lower  temperatures;  2) 
promotes  the  formation  of  a  hexagonal  Ti5Si3  phase 
(AP16);  and,  3)  reduces  the  L  bcc(Nb)  +  Nb3Si  eutectic 
temperature,  i.e.  the  melting  temperature  of  the 
composites.  Although  additions  of  Ti  to  the  composites 
have  very  beneficial  effects  on  both  oxidation  resistance 
and  room  temperature  fracture  toughness  [13],  the  amount 
of  the  Ti  addition  has  to  be  limited  to  <  25  at.%  in  order 
to  maintain  an  eutectic  temperature  of  >  1700  °C,  and  to 
avoid  the  formation  of  the  API 6  Ti5Si3  phase,  which  was 
found  to  be  detrimental  to  the  creep-rupture  strength  of 
the  composites  [14].  It  is  important  to  maintain  the 


melting  (eutectic)  temperature  of  the  composites  above 
1700°C  to  retain  good  strength  to  the  potential  use 
temperatures  (1200  to  1400°C). 


Fig.  2  Phase  diagram  of  the  Nb-Ti-Si  ternary  system  [9,10,12]: 
(a)  a  schematic  3D  phase  diagram;  (b)  a  liquidus  projection;  and 
(c)  an  isothermal  section  at  1200°C. 
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It  can  be  seen  from  Fig.  2(c)  that  the  solubility  of  Ti  in  the 
Nb5Si3  phase  can  be  as  high  as  30  at.%  and  the  solubility 
of  Nb  in  Ti5Si3  is  also  very  high,  -  20  at.%.  Surprisingly 
high  solubility  (46  at.%)  of  Nb  in  Ti5Si4  is  also  observed. 

Understanding  the  liquid-solid  and  the  solid-solid  phase 
equilibria  of  the  Nb-Ti-Si  ternary  system  has  played  a 
significant  role  in  the  composition  selection, 
microstructure  design,  selection  of  processing  routes,  and 
balance  of  properties  of  these  composites. 

Hf-Si  and  Nb-Hf-Si 

Hf  is  an  important  alloying  element  for  strength, 
toughness  and  oxidation  resistance  of  the  Nb  silicide 
composites  [2,4],  In  order  to  understand  the  effect  of  Hf 
additions  on  the  phase  stability  of  the  bcc(Nb),  Nb3Si,  and 
Nb5Si3  phases,  the  phase  diagrams  of  the  Hf-Si  binary  and 
the  Nb-Hf-Si  ternary  systems  were  investigated  [15-18]. 

The  Hf-Si  phase  diagram  has  been  assessed  by  Gokhale 
and  Abbaschian  [19]  primarily  based  on  the  experimental 
results  of  Brukl  [20].  Five  intermetallic  compounds, 
Hf2Si,  Hf3Si2,  Hf5Si4,  HfSi,  and  HfSi2,  have  been  included 
in  the  assessed  phase  diagram.  A  Hf5Si3  phase  with  the 
Mn5Si3  crystal  structure  (/2PI6)  was  identified  [21,22]. 
The  Hf5Si3  phase  was  originally  thought  to  be  stabilized 
by  interstitial  impurities  [19,20]  and  was  not  included  in 
the  assessed  phase  diagram  of  Gokhale  and  Abbaschian 
[19].  Recently,  Bewlay  et  al.  [15]  found  that  the  Hf5Si3 
phase  existed  in  a  Hf-35at.%Si  alloy.  It  was  also 
observed  that  Hf5Si3  decomposes  via  an  eutectoid  reaction 
to  Hf2Si  +  Hf3Si2  at  -  1925°C  [16].  Therefore,  Hf5Si3  is 
an  equilibrium  phase  in  the  binary  Hf-Si  system.  Based  on 
these  observations,  a  new  version  of  the  Hf-Si  binary 
phase  diagram  was  constructed  as  shown  in  Fig.  3.  A 
peritectic  reaction,  L  +  Hf3Si2  <-»  Hf5Si3  at  -  2360°C  was 
proposed  based  on  Brukl’ s  incipient  melting  results. 
Thermodynamic  modeling  of  the  binary  Hf-Si  system  was 
performed  using  existing  phase  diagram  data  and  the 
reported  enthalpies  of  formation  for  Hf  silicides.  A 
complete  thermodynamic  description  of  the  Gibbs 
energies  of  all  stable  phases  in  the  binary  system  was 
developed  [16].  The  Hf-Si  binary  system  serves  as  a 
basis  for  understanding  the  Nb-Hf-Si  ternary  system;  for 
example  the  relative  stability  of  the  Hf5Si3  phase  with 
respect  to  the  Nb5Si3  phase  is  very  important. 

The  metal-rich  region  of  the  Nb-Hf-Si  phase  diagram 
plotted  as  a  3D  projection  is  shown  in  Fig.  4(a)  [18].  (The 
binary  Nb-Hf  system  is  based  on  an  assessment  by 
Fernandez-Guillermet  [23]).  This  Nb-Hf-Si  ternary 
system  was  based  on  the  experimental  data  reported  by 
Bewlay  etal.  [17]  and  Zhao  et  al.  [18]. 

The  isothermal  section  at  1500°C  was  also  determined,  as 
shown  in  Fig.  4(c).  The  phase  equilibria  at  1500  °C  are 


likely  to  be  very  similar  to  those  at  the  potential  service 
temperatures,  1200  to  1400  °C.  This  isothermal  section 
was  constructed  based  on  experimental  data  from  alloys 
heat  treated  at  1500°C  for  100  hours  and  analyzed  using 
scanning  electron  microscopy  (SEM),  electron  probe 
microanalysis  (EPMA),  and  electron  backscatter 
diffraction  (EBSD)  [24]  analysis  [18].  Phase  equilibria 
between  the  following  silicides,  Nb5Si3,  Hf5Si3,  Nb3Si, 
Hf2Si,  Hf3Si2,  Hf5Si4,  HfSi,  NbSi2,  and  two  metal-rich 
solid  solutions,  bcc(Nb,Hf)  and  hcp(Hf,Nb)  were  obtained 
[18],  as  shown  in  Fig.  4(c). 

It  can  be  seen  from  Fig.  4(c)  that  the  Nb  solubility  is 
-46%  in  Hf2Si,  -36%  in  Hf5Si3,  >6.5%  in  Hf3Si2,  >22% 
in  Hf5Si4,  and,  5%  in  HfSi.  The  Hf  solubilities  in  Nb5Si3 
and  NbSi2  are  -16%  and  9.4%,  respectively.  The  Nb3Si 
phase  is  unstable  at  1500  °C  and  decomposes  by  an 
eutectoid  transformation  to  bcc(Nb,Hf)  and  Nb5Si3  at 
temperatures  >  1500°C. 

Figure  4  shows  that  Hf  additions  also  reduce  the  L  -► 
bcc(Nb)  +  Nb3Si  eutectic  temperature,  but  the  reduction  is 
not  as  severe  as  Ti.  Unlike  Ti,  Hf  does  not  stabilize  the 
Nb3Si  phase  to  lower  temperatures.  Although  the  exact 
Nb3Si  -►  bcc(Nb)  +  Nb5Si3  (fI32)  eutectoid  temperature 
has  not  been  defined,  it  must  be  >  1500°C.  Nb  does 
stabilize  the  hexagonal  (AP16)  Hf5Si3  to  lower 
temperatures.  Similar  to  Ti5Si3,  the  hP16  Hf5Si3  phase 
can  potentially  be  detrimental  to  the  creep  strength  of  the 
composites.  To  avoid  the  formation  of  both  Hf2Si  and 
Hf5Si3  (at  lower  temperatures),  Hf  additions  to  the 
composites  have  to  be  <  10  at.%. 


Fig.  3  Calculated  phase  diagram  of  the  Hf-Si  binary  system  [16] 
based  on  the  results  of  Brukl  [20]  and  Bewlay  et  al  [15]. 
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Si 


three  different  Laves  crystal  structures  (C14,  C15  and 
C36)  in  the  Cr2Nb  and  Cr2Ti  based  systems.  The  Cr-Nb 
phase  diagram,  Fig.  5(a)  [25,26],  shows  two  Laves 
phases,  the  high  temperature  hexagonal  C14  (/iP12)  which 
is  stable  above  ~1600°C  and  the  low-temperature  cubic 
C15  (cF24)  stable  at  temperatures  <  -1600  °C.  The  Cr-Ti 
phase  diagram,  Fig.  5(b)  [27-29],  shows  one  more  Laves 
crystal  structure  -  the  hexagonal  C36  (/zP24)  which  is 
stable  at  very  high  temperatures  >  1270  °C.  The  effect  of 
Si  on  the  stability  of  these  Laves  phases  can  be 
appreciated  by  studying  the  Nb-Cr-Si  and  Ti-Cr-Si 
systems. 


Weight  Percent  Chromium 


Ti  Atomic  Percent  Chromium  Cr 

(b) 


Fig.  4  Nb-Hf-Si  ternary  phase  diagrams:  (a)  a  schematic  3D 
phase  diagram;  (b)  a  liquidus  projection;  and  (c)  an  isothermal 
section  at  1500°C  [17,18]. 


Fig.  5  Phase  diagrams  of  the  Nb-Cr  (a)  and  Ti-Cr  (b)  systems 
showing  the  temperature  ranges  of  stability  for  the  three 
different  Laves  phases  [25-29]. 


Nb-Cr  and  Ti-Cr 

Additions  of  Cr  are  needed  to  improve  the  oxidation 
resistance  of  these  composites.  Cr  stabilizes  the  Cr-rich 
Laves  phases.  The  stability  of  the  Laves  phases  is 
therefore  critical,  especially  concerning  the  stability  of 


Nb-Cr-Si 

An  isothermal  section  of  the  Nb-Cr-Si  phase  diagram  at 
1000°C  was  reported  by  Goldschmidt  and  Brand  [30].  It 
is  very  likely  that  many  of  the  alloys  used  by  Goldschmidt 
and  Brand  had  not  reached  equilibrium  after  only  a  336- 
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hour  (2  weeks)  anneal  at  1000°C.  Many  of  the  Nb-base 
alloys,  such  Nb-Ti-Si  alloys  studied  by  Bewlay  et  al. 
[10,17]  and  Nb-Hf-Si  alloys  studied  by  Zhao  et  al.  [18] 
possess  very  slow  kinetics,  and  they  would  not  be  at 
equilibrium  after  a  1000  °C  -  336  hour  anneal. 

A  high-efficiency  “diffusion  multiple”  approach  [31,32] 
was  employed  to  re-determine  the  phase  diagram  of  the 
Nb-Cr-Si  system.  Details  of  the  approach  and 
experimental  procedures  were  described  separately  [12]. 
A  diffusion  multiple  is  an  assembly  of  four  different 
metals  arranged  in  a  cross-sectional  view  shown  in  Fig. 
6(a).  The  inner  and  outer  circle  diameters  in  Fig.  6(a) 
were  15.6  and  25.4  mm  respectively.  High  purity  Nb,  Ti, 
Si  and  Cr  pieces  were  assembled  into  the  geometry.  The 
assembled  diffusion  multiple  was  then  loaded  into  HIP 
cans  made  of  commercial  purity  Ti  and  electron  beam 
welded.  The  HIP  was  performed  at  1204  °C,  200MPa  for 
4  hours.  The  samples  were  then  annealed  at  four  different 
temperatures:  1200  °C  for  1000  hours,  1150°C  for  2000 
hours,  1100  °C  for  4000  hours,  and  1000  °C  for  4000 
hours. 

The  results  obtained  from  the  Nb-Cr-Si  tri-junction  region 
(highlighted  in  Fig.  6(a)  by  a  dashed  circle)  are  shown  in 
Fig.  7  (1150°C  results  only).  During  the  long-term 
diffusion  treatment,  extensive  interdiffusion  among  Nb, 
Cr  and  Si  took  place,  and  all  the  equilibrium  phases, 
including  the  intermetallic  phases,  formed  by 
interdiffusion  among  the  elements  in  the  diffusion 
multiple.  An  extremely  large  amount  of  phase  equilibrium 
information  was  obtained  using  EPMA  and  EBSD.  There 
were  three  intermetallic  compounds,  (Cr,Nb)6Si5  (<?I44) 
and  (Cr,Nb)nSig  (oP76),  and  NbCrSi  (AP9).  All  of  them 
have  been  observed  and  reported  before  [30,33-35].  The 
measured  Si  concentrations  for  all  the  three  ternary 
compounds  agree  with  their  respective  stoichiometries. 
The  formation  of  the  NbCrSi,  (Cr,Nb)6Si5  and 
(Cr,Nb)nSig  phases  were  not  only  identified  by 
compositions  obtained  from  EPMA,  but  also  by  EBSD 
crystal  structure  identification. 

For  such  a  complex  system,  the  diffusion  multiple 
approach  is  far  more  efficient  and  systematic  than  the 
equilibrated  alloy  approach:  1  diffusion  multiple  in 
contrast  to  221  alloys  used  by  Goldschmidt  and  Brand 
[30].  In  fact  the  isothermal  section  of  Nb-Ti-Si  shown  in 
Fig.  2(c)  was  also  obtained  from  a  Nb-Ti-Si  tri-junction 
region  of  the  diffusion  multiple  (Fig.  6(a)). 

It  can  be  seen  from  Fig.  7  that  the  Cr  solubility  in  the 
bcc(Nb)  and  Nb5Si3  is  -  3  and  10  at.%  respectively  (at 
1150°C;  the  solubility  of  Cr  in  the  bcc(Nb)  phase  varies 
with  temperature).  The  bcc(Nb)“Nb5Si3--NbCrSi  three 
phase  equilibrium  indicates  that  the  Laves  phases  are  not 
in  equilibrium  with  bcc(Nb)  and  Nb5Si3  in  the  ternary 


system  at  1000  to  1200°C.  In  composites  processed  (cast 
or  DS)  at  high  temperatures,  the  C14  Laves  phase  was 
observed  to  co-exist  with  bcc(Nb)  and  Nb5Si3.  It  is  likely 
that  there  is  a  four  phase  equilibrium  reaction  bcc(Nb)- 
Nb5Si3-C14  +  C 1 4-Nb5Si3--NbCrS i  ^bcc(Nb)-Nb5Si3- 
NbCrSi  +  bcc(Nb)-C14-NbCrSi  at  a  temperature  > 
1200°C. 

Although  the  liquidus  surface  for  the  Nb-Cr-Si  system  is 
not  available,  the  melting  temperatures  of  74  alloys  (out 
of  221  alloys)  are  reported  by  Goldschmidt  and  Brand 


Fig.  6.  A  diffusion  multiple  for  efficient  mapping  of  Nb-Cr-Si 
and  Nb-Ti-Si  ternary  phase  diagrams:  (a)  cross-sectional  view 
and  (b)  perspective  view  [12]. 


Si 


Fig.  7  The  1 150°C  isothermal  section  of  the  Nb-Cr-Si  ternary 
system  obtained  from  the  diffusion  multiple  [12]. 


[30].  The  data  show  that  Cr  depresses  the  melting 
temperature  of  the  composites,  probably  even  more 
strongly  than  Ti. 

Cr  additions  to  the  composites  improve  the  oxidation 
resistance,  but  probably  degrade  both  fracture  toughness 
and  creep  strength  as  well  as  the  melting  temperature. 
Thus  Cr  additions  have  to  be  tailored  in  order  to  balance 
the  oxidation  resistance,  creep  resistance  and  fracture 
toughness.  It  is  currently  unknown  whether  the  NbCrSi 
phase  is  better  for  creep  strength  and  whether  it  is 
possible  to  promote  the  NbCrSi  phase  formation  during 
reasonable  heat  treatment  time.  If  the  transformation 
from  the  in-situ  formed  C14  Laves  phase  to  the  NbCrSi 
phase  is  very  sluggish,  it  may  not  be  economically 
feasible  for  real  materials  production. 

Ti-Cr-Si 

A  1000°C  isothermal  section  of  the  Ti-Cr-Si  system  was 
constructed  by  Lysenko  et  al.  [36]  based  on  135  alloys 
annealed  at  1000°C  for  650  to  1200  hours  (depending  on 
the  alloys),  Fig.  8.  The  TisSL*  phase  which  was  an 
equilibrium  phase  for  the  binary  Ti-Si  system  is  missing 
from  the  phase  diagram  reported  by  Lysenko  et  al.  due  to 
the  fact  that  no  alloys  were  made  around  the  Ti5Su 
composition. 

It  is  clear  from  Fig.  8  that  there  is  very  little  solubility  of 
Cr  in  Ti3Si,  thus  Cr  is  not  a  stabilizer  of  this  phase.  In 
other  words,  Cr  can  be  added  to  destabilize  the  Ti3Si 
phase  if  needed.  The  solubility  of  Cr  in  both  Ti3Si3  and 
bcc(Ti)  is  very  high,  ~45  at.%  and  ~23  at.%  respectively. 
The  solubility  of  Si  in  the  C15  Laves  phase  is  ~  20  at.%. 

It  is  interesting  to  note  that  no  TiCrSi  (an  analog  to  hP9 
NbCrSi)  phase  exists  in  the  Ti-Cr-Si  system.  Depending 
on  the  solubility  of  Ti  in  the  NbCrSi,  Ti  additions  to  the 
Nb  silicide  based  composites  may  de-stabilize  this  phase. 
The  quaternary  information  obtained  from  the  quadri- 
junction,  the  center  of  Fig.  6(a)  where  four  elements  meet, 
of  the  diffusion  multiple  may  provide  critical  data.  The 
work  is  currently  in  progress. 

Nb-Si-Al  and  Nb-Cr-Al 

The  alloying  effect  of  Al  in  Nb  silicide-based  composites 
can  be  appreciated  by  examining  the  Nb-Si-Al  and  Nb- 
Cr-Al  phase  diagrams.  A  partial  1500°C  isothermal 
section  of  the  Nb-Si-Al  system  was  constructed  by  Pan  et 
al.  [37]  as  shown  in  Fig.  9.  An  isothermal  section  at 
1400°C  was  also  reported  by  Brukl  et  al.  [38].  The 
solubility  of  Al  in  Nb5Si3  is  ~  12  at.%,  but  only  ~  5%  if  it 
is  in  equilibrium  with  the  bcc  phase.  The  solubility  of  Al 
in  bcc(Nb)  is  ~  8  at.%,  but  only  -  3  at.%  if  it  is  in 
equilibrium  with  Nb5Si3.  The  values  reported  by  Brukl  et 


Si 


Fig.  8  Isothermal  sections  of  the  Ti-Cr-Si  system  at  1000°C 
constructed  by  Lysenko  et  al.  [36]  based  on  135  alloys  annealed 
at  1000°C  for  650  to  1200  hours  (open  circles  represent  single 
phase  region,  half-filled  circles  denote  2-phase  regions,  and 
filled  circles  (dots)  refer  to  3 -phase  regions). 
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Fig.  9  A  partial  1500°C  isothermal  section  of  the  Nb-Si-Al 
system  by  Pan  et  al.  [37] 

al.  are  slightly  different.  Thus,  when  the  Al  additions  to 
the  Nb-Si  alloys  are  beyond  5at.%,  an  A15-type  Nb3Al 
phase  will  appear  in  the  ternary  system.  The  solubility  of 
Al  in  the  phases  will  be  strongly  dependent  on  the  Ti 
concentration  in  the  composites.  It  is  unknown  whether 
the  A15  Nb3Al  phase  will  be  beneficial  or  detrimental  to 
creep-rupture  properties. 
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Cr 


Fig.  10  Isothermal  section  at  1000°C  of  the  Nb-Cr-Al  system 
obtained  by  Hunt  and  Raman  [39]. 


In  composites  with  Cr  additions,  the  A1  additions  may 
help  promote  the  C14  Laves  phase  instead  of  the  A 15 
NbsAl  phase.  This  can  be  appreciated  by  examining  the 
Nb-Cr-Al  phase  diagram.  An  isothermal  section  at 
1000°C  was  reported  by  Hunt  and  Raman  [39],  as  shown 
in  Fig.  10.  The  Cl 4  Laves  phase  may  be  a  simple  line 
compound  instead  of  having  a  significant  variation  of  Nb 
composition  as  shown  in  Fig.  10.  Some  of  the  off- 
stoichiometric  (different  from  33.3  at.%  Nb)  compositions 
might  have  formed  the  C14  Laves  phase  during 
solidification  (primary  liquidus  surface  of  C14  Laves). 
The  Laves  phase  had  not  fully  decomposed  after  only  a 
168-hour  (1-week)  anneal  at  1000°C  due  to  its  sluggish 
decomposition  kinetics.  In  general,  A1  additions  to  the 
composites  are  likely  to  be  incorporated  into  the  bcc(Nb), 
Nb5Si3  and  C14  Laves. 

Thermodynamic  Modeling 

The  basic  binary  and  ternary  phase  diagrams  shown  in 
Figs.  1  to  6  and  Figs.  8  to  10  describe  the  effect  of 
alloying  on  phase  equilibria  in  these  composites. 
However,  these  basic  diagrams  cannot  accurately  predict 
the  phases  and  their  compositions  in  the  multicomponent 
composites.  For  instance,  it  is  difficult  to  predict  if  the 
NbCrSi  phase  is  more  stable  than  the  C14  Laves  phase 
when  several  elements  such  as  Ti,  Hf,  and  A1  are  added  at 
the  same  time.  The  solubility  of  theses  elements  in 
bcc(Nb)  and  Nb5Si3  is  difficult  to  predict  in 
multicomponent  solid  solutions. 


ternary  phase  equilibria  into  the  multicomponent  system. 
The  following  key  systems  need  to  be  modeled  to 
construct  a  thermodynamic  database  for  the  Nb-Ti-Si-Hf- 
Cr-Al  system  [42]. 

Binary  systems:  Nb-Ti,  Nb-Si,  Nb-Hf,  Nb-Cr,  Nb-Al, 
Ti-Si,  Ti-Hf,  Ti~Cr,  Ti-Al,  Hf-Si?  Cr-Si,  Al-Si,  Hf-Cr, 
Hf-AI,  and  Cr-Al. 

Ternary  systems:  Nb-Ti-Si,  Nb-Ti-Hf,  Nb-Ti-Cr,  Nb-Ti- 
Al,  Nb-Si-Hf,  Nb-Si-Cr,  Ti-Si-Cr,  Nb-Si-Al,  Nb-Cr-Al, 
Ti-Si- Al,  and  Ti-Cr-Al. 

The  systems  shown  in  bold  above  have  either  been 
modeled  or  are  in  the  process  of  being  modeled.  The  rest 
of  the  systems  need  to  be  assessed  in  the  future. 

Concluding  Remarks 

In  order  to  achieve  an  optimum  balance  of  properties,  the 
Nb-Ti-Si-Cr-Hf-Al  composites  will  contain  bcc(Nb), 
Nb5Si3  and  possibly  C14  Laves,  as  predicted  from  the 
phase  equilibria  presented  in  this  paper.  This  is 
schematically  shown  in  Fig.  11.  To  balance  the 
properties,  the  desired  volume  percents  of  the  phases 
typically  are:  40-45%  bcc(Nb),  45-55%  Nb5Si3  (silicide), 
and  0-15%  C14  Laves.  This  multicomponent  phase 
diagram  is  constructed  based  on  the  assumption  that:  1) 
the  Ti  additions  are  <  25  at.%  to  prevent  the  formation  of 
the  h?\6  Ti5Si3  phase,  but  Ti  is  high  enough  to  destabilize 
the  NbCrSi  phase;  2)  the  Hf  additions  are  <  10  at.%  to 
prevent  the  formation  of  both  Hf5Si3  and  Hf2Si;  and,  3) 
the  Al  additions  are  low  enough  so  that  no  Nb3Al  or  other 
phases  are  formed.  In  composites  formed  by  casting  or 
directional  solidification,  there  will  probably  be  some 
Nb3Si  phase,  but  it  will  be  very  likely  that  Nb3Si  will 
decompose  into  bcc(Nb)  and  Nb5Si3. 


Si+AI 


Thermodynamic  modeling  via  the  CALPHAD  approach  Fig.  11.  Schematic  diagram  showing  the  major  phases  in  theNb 

[41]  provides  an  easy  way  to  extrapolate  the  binary  and  silicide-based  composites. 
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Ni-base  superalloys  have  been  used  for  half  a  century,  but 
only  in  recent  years  has  a  multicomponent 
thermodynamic  database  been  constructed.  The 
thermodynamic  data  can  now  predict  phase  stability  of 
multicomponent  superalloys  with  good  accuracy  [42]. 
The  present  review  describes  the  present  understanding  of 
phase  stability  in  the  Nb  silicide  composites  (as  it  has 
been  developed  in  parallel  with  the  alloy  development 
efforts).  The  accompanying  understanding  of  the  basic 
binary  and  ternary  systems  reviewed  in  this  paper  has 
contributed  significantly  to  the  development  of  the  Nb 
silicide-based  composites  that  show  a  promising  balance 
of  properties.  With  the  high-efficiency  diffusion  multiple 
approach  [31,32]  and  the  state-of-the-art  thermodynamic 
modeling  software,  it  may  be  possible  to  both  determine 
the  phase  diagrams  of  the  basic  ternary  systems  and 
perform  thermodynamic  modeling  ahead  of  the  alloy 
development.  This  methodology  provides  a  tool  that 
allows  predictive  design  of  multicomponent  composites. 
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Abstract 

Temperatures  of  blade  surfaces  in  advanced  aircraft  engines 
are  approaching  superalloy  limits.  Innovations  in  refractory 
metal-intermetallic  composites  (RMIC’s)  are  being  pursued 
in  systems  based  on  Nb-Ti-Si  and  Mo-Si-B.  These  systems 
have  the  potential  for  service  at  surface  temperatures  > 
1350°C.  If  either  system  is  to  be  employed,  a  balance  of 
properties  is  required  for  many  different  behaviors  that 
must  be  integrated  into  a  workable  design,  and  affordable 
fabrication  of  the  composite  components  must  be  possible. 
Progress  in  the  development  of  tough  high-temperature 
composites  for  aircraft  engine  applications  will  be 
compared  to  performance  needed  to  make  these  materials 
competitive  choices  for  future  turbine  designs. 

Introduction 

Land-based  gas  turbines  and  aircraft  engines  have  several 
different  gages  of  system  performance.  Fuel  efficiency  in 
producing  power  or  thrust  is  an  important  gage,  and 
increasing  the  combustion  temperature  generally  leads  to 
efficiency  improvements.  Reducing  the  cooling  air  demand 
also  improves  efficiency,  since  less  of  the  work  done  in 
compressing  the  air  for  combustion  is  lost  to  supplying  a 
portion  of  that  compressed  air  to  cool  the  hot  metallic 
components.  For  both  of  these  gages,  an  increase  in  metal 
temperature  capability  can  improve  performance.  Another 
measure  of  system  performance  relates  to  service  reliability 
-  the  time  between  outages  for  turbines,  or  the  time-on- 
wing  for  engines.  An  increase  in  metal  temperature 


capability  can  generally  be  exploited  by  life  extension,  by 
higher  firing  temperature,  or  by  a  combination  of  higher 
firing  temperature  and  life  extension.  Generally,  if 
increased  capability  is  taken  in  part  as  life  extension,  the 
component  made  from  the  new  material  will  have  less 
damage  in  service,  and  will  show  a  greater  repair  yield  than 
would  a  less-capable  alloy. 

For  rotating  components,  performance  improvements  can 
also  be  achieved  without  an  increase  in  firing  temperature 
or  metal  temperature.  Stronger  materials  and  lighter 
materials  can  provide  increased  specific  strength 
(strength/density).  For  materials  that  are  stronger  at  the 
critical  stress-temperature  points  of  turbine  blades  (or 
buckets)  than  are  the  currently  used  materials,  airfoil  mass 
can  be  reduced,  provided  a  thinner  airfoil  wall  can  be 
manufactured.  For  materials  with  similar  strength  to 
current  alloys  but  with  a  lower  density,  a  reduction  in  airfoil 
mass  can  be  achieved  at  the  same  wall  thickness.  If  the 
airfoil  mass  can  be  reduced  significantly,  the  centrifugal 
stress  on  the  rotor  is  reduced,  and  a  smaller,  lighter  rotor 
can  be  achieved  (as  will  be  discussed  subsequently).  This 
can  have  a  major  impact  on  thrust-to- weight  performance 
of  the  turbine. 

Hot-section  materials  development  has  made  a  critical 
contribution  to  performance  gains  of  both  gas  turbines  and 
jet  engines.  Advances  in  processing  of  Ni-base  superalloys 
have  allowed  evolution  of  microstructure  from  equiaxed 
structures  three  and  four  decades  ago,  to  directionally 
solidified  (DS)  multi-grain  and  single  crystal  (SC) 
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components  today.  With  added  capability  from 
compositional  flexibility  coupled  to  processing  [1]  over  that 
time  period,  high  pressure  turbine  blade  temperatures  have 
increased  by  125°C.  Metal  surface  temperatures  at  the 
hottest  locations  on  state-of-the-art  jet  engine  airfoils  now 
approach  1150°C,  not  only  in  a  “hot  streak”  condition 
(hotter  than  the  design  intention,  due  to  combustor  or  vane 
performance  anomalies),  but  also  at  the  thermal  condition 
intended  by  the  design.  Thermal  barrier  coatings  (TBC’s) 
provide  insulation  from  the  hot  gas,  so  that  TBC  surface 
temperatures  are  appreciably  higher.  The  most  severe 
combination  of  stress  and  temperature  in  present  engine 
designs  corresponds  to  bulk  average  metal  temperatures 
approaching  1000°C,  using  the  first-  and  second-generation 
single  crystal  alloys.  These  materials  (alloys  developed  in 
the  1970's  and  1980’s)  rely  on  the  use  of  substantial 
additions  of  W,  Ta,  Mo  and  Re  to  strengthen  the  y  and  y' 
phases.  The  concentration  of  the  sum  of  these  elements  has 
been  further  increased  in  the  third-  and  fourth-generation 
single  crystals,  to  >20w/o  levels.  These  newest  superalloys 
may  allow  metal  surface  temperatures  of  1200°C  and  bulk 
average  temperatures  of  1050°C. 


LARSON-MILLER  PARAMETER  (T*(20+log  t)) 


Figure  1:  Specific  strength  of  Nb-25Ti-8Hf-16-18Si  is  compared 
to  single  crystal  superalloys  and  directionally  solidified  eutectics 
using  the  Larson-Miller  parameter  (°R,  hours).  Included  is  a  curve 
for  a  hypothetical  material  50°F  better  than  TZM  Mo,  with  a 
density  of  9.4g/cc  (.34pci),  as  an  estimate  of  possible  properties 
for  a  Mo-Si-B  based  RMIC  [2].  (pci  refers  to  pounds  /  cubic  inch). 


Substantial  improvement  beyond  the  fourth-generation 
single  crystal  alloys  will  be  very  difficult  to  implement  for 
Ni-base  systems.  Most  advanced  superalloys  melt  at 
approximately  1350°C.  Depending  on  processing  and  heat 
treatment,  chemical  segregation  in  the  superalloy  can  lead 
to  incipient  melting  at  ~1270°C.  The  interaction  zone 
created  between  the  bond  coating  (such  as  NiAl  or  Pt- 
modified  NiAl)  and  the  single  crystal  airfoil  can  also  lead  to 
melting  point  reductions,  to  <1250°C.  In  service,  the  TBC 
can  be  lost  due  to  foreign  object  damage  or  excessive 
growth  of  the  protective  alumina  scale.  Should  the  TBC  be 
lost,  the  nominal  maximum  local  metal  surface  temperature 
may  rise  above  1200°C,  and  coating  interaction  zone 
melting,  or  incipient  melting  of  the  alloy  may  occur.  Single 
crystal  superalloy  strength  levels  may  be  improved  to  allow 
bulk  average  temperatures  in  excess  of  1050°C,  but  any 
increase  toward  a  1200°C  metal  surface  temperature  may 
require  substantial  gains  in  TBC  damage  tolerance  and 
reliability,  as  well  as  the  melting  point  of  the  complex 
coating  interaction  zone. 

High-temperature  materials  are  needed  which  can  survive 
well  beyond  the  1200°C  limit  to  metal  surface  temperature 
that  appears  to  be  a  major  barrier  for  Ni-base  superalloy 
single  crystals.  Ideally,  a  new  family  of  materials  will  have 
high  melting  point,  low  density,  good  oxidation  resistance 
to  1300-1400°C,  and  exceptional  high-temperature  strength 
(Figure  1).  The  Nb-Si  based  intermetallic  composite  system 
is  being  developed  toward  these  goals.  However,  in  even 
meeting  these  awesome  requirements,  there  will  be  many 
other  barriers  to  surpass,  ranging  from  ballistic  impact 
resistance  to  fracture  toughness,  to  component  cost. 


Experiences  In  New  Materials  Implementation 

One  of  the  major  challenges  facing  the  materials 
community  during  the  development  of  any  new  high 
temperature  material  is  finding  a  balance  of  mechanical 
properties  that  satisfies  all  of  the  engineering  requirements. 
The  alloy  developer  must  make  such  engineering  trade-offs, 
for  example,  between  high  temperature  strength  and  creep 
resistance  with  low  temperature  ductility,  toughness,  and 
damage  tolerance.  In  such  cases,  successful  alloy 
development  must  be  guided  by  the  design  requirements  of 
the  particular  application  under  consideration.  Without 
these  design  requirements,  the  alloy  development  occurs  in 
a  vacuum,  and  the  probability  of  successful  new  material 
introduction  into  product  is  very  low.  This  is  particularly 
true  when  we  look  at  the  introduction  of  new,  high 
temperature  material  systems  that  are  only  useful  when  the 
component  is  designed  to  take  full  advantage  of  the 
material’s  unique  properties  while  at  the  same  time, 
minimizing  the  impact  of  the  less  desirable  characteristics. 
A  good  example  of  this  is  component  design  using 
materials  with  highly  anisotropic  material  properties. 
Therefore,  it  is  imperative  that  for  cost-effective  new 
materials  development  and  implementation,  a  strong 
coupling  of  the  design  community  and  design  requirements 
with  materials  development  must  occur  as  early  as  possible 
in  the  development  cycle.  In  cases  where  this  was  done  too 
late  or  not  at  all,  critical  materials  properties,  processing 
requirements,  and  other  factors,  such  as  cost,  were  not 
adequately  addressed  with  the  end  result  being  the  new 
material  never  made  it  into  production  hardware.  There  is  a 
tendency  to  wait  to  address  the  most  difficult  and  critical 
roadblocks  because  we  don’t  want  to  give  a  new  material  a 
“black  eye”  too  early  in  the  development  cycle.  Too  often 
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once  this  happens,  the  risks  are  viewed  as  too  high,  and 
continued  development  is  stopped.  In  today’s  environment, 
new  materials  development  must  be  done  with  full 
knowledge  of  the  specific  design  requirements  so  that 
major  issues  are  identified  early  in  the  development  cycle. 
The  following  are  several  examples  of  large  new  materials 
development  activities  that  resulted  in  limited  application  of 
these  materials  in  high  payoff  applications  because  we 
waited  too  late  or  missed  entirely  one  (or  more)  of  the 
critical  design  requirements,  including  cost. 

Directionally  Solidified  Eutectics :  The  anticipated 
improved  performance  over  single  crystal  superalloys  for 
directionally  solidified  in  situ  composites  was  achieved 
with  Ni  matrices  strengthened  with  phases  such  as 
monocarbide  fibers  or  Ni3Nb  lamellae  [3-5].  These 
composites  were  developed  in  the  1980’s  and  had  stress 
rupture  resistance  matching  or  exceeding  that  of  today’s 
third-  and  fourth-generation  single  crystal  superalloys  at  the 
temperatures  of  the  critical  blade  design  points.  Aligned 
eutectics  were  produced  in  alloys  that  incorporated  strong, 
ductile  composite  matrices  that  were  full-complexity  multi¬ 
element  compositions  derived  from  a  rich  knowledge  of  Ni- 
base  superalloys.  These  eutectics  possessed  very-high- 
temperature  strength  (>120  MPa  for  1000  hours  at  1100°C). 
However,  a  number  of  potential  obstacles  were  uncovered 
during  development.  Through  alloy  iterations,  these 
obstacles  were  overcome:  oxidation  and  fatigue  behaviors 
were  improved,  transverse  ductility  was  improved  with 
boron  additions,  carbide  stability  during  thermal  cycling 
was  excellent  for  a  broad  range  of  composite  compositions, 
and  matrix  stability  during  cyclic  thermal  exposure  was 
improved,  providing  excellent  property  retention  [3]. 
Engine  tests  were  successful  [5-6],  both  for  solid  and 
hollow  eutectic  blades.  However  at  that  time,  low 
processing  rates  ultimately  prevented  implementation  of 
these  materials.  The  low  solidification  rates  required  for 
aligned  microstructural  growth  (typically  <  3  x  10'2 
cm/min)  and  the  small  numbers  of  parts  that  could  be 
manufactured  in  a  single  furnace  cycle  resulted  in  large 
numbers  of  furnaces  being  required  for  the  anticipated 
production  volumes.  The  financial  investment  proved  very 
high,  and  the  return  on  investment  too  low  to  make  this 
technology  economically  attractive.  As  a  result,  DS  Ni- 
base  eutectics  never  made  it  into  production. 

NiAl  Intermetallics :  During  the  late  1980’s,  there  was  a 
significant  investment  in  the  development  of  nickel 
aluminide,  NiAl,  based  materials  for  high  temperature 
applications  [7].  Because  of  NiAl’s  lower  density  as 
compared  to  state-of-the-art  Ni-base  superalloys,  NiAl 
appeared  very  attractive  on  a  specific  strength  basis  for 
such  applications  as  high  temperature  gas  turbine  airfoils. 
Oxidation  resistance  of  these  alloys  was  very  good.  The 
focus  of  the  early  alloy  development  efforts  was  on 
improving  the  poor  room  temperature  ductility  and  high- 
temperature  strength  of  these  alloys.  A  large  research  effort 


resulted  in  some  improvement  in  room  temperature 
ductility  values  and  significant  improvement  in  high- 
temperature  strength,  and  the  design  community  began  to 
look  at  design  concepts  for  turbine  blades  and  vanes  to 
accommodate  the  low  ductility  and  poor  fracture  behavior 
at  low  temperatures.  Prototype  NiAl  turbine  blades  and 
vanes  were  manufactured,  and  plans  were  put  in  place  to 
engine  test  these  NiAl  parts  in  demonstrator  engines. 
Impact  tests  were  run  early  in  the  development  phase  of  the 
program,  and  testing  continued  with  the  promising  alloys. 
The  results  demonstrated  that  the  ballistic  impact  resistance 
was  inadequate  for  blade  engine  conditions,  but  could  be 
adequate  for  vane  applications.  For  this  reason  the  program 
emphasized  vane  applications.  Innovative  attachment 
concepts  to  prevent  cracking  due  to  thermal  expansion 
mismatch  between  the  NiAl  airfoils  and  surrounding  Ni- 
base  superalloy  structures  were  successfully  tested  in  a 
small  turboshaft  engine  without  cracking  of  the  NiAl  vanes. 
However,  a  business  case  for  introducing  NiAl  just  for  vane 
applications  could  not  be  made,  and  further  work  on  NiAl 
implementation  for  gas  turbine  applications  ceased. 

TiAl  Intermetallics:  Another  intermetallic  material  of 
particular  interest  to  the  gas  turbine  engine  community  is 
the  titanium  aluminide  TiAl  [8].  TiAl  alloys  promise  to 
extend  the  temperature  capability  of  titanium-base  materials 
and  to  replace  much  heavier  Ni-base  superalloys  in  some 
applications  with  a  material  one-half  the  density.  TiAl 
alloys  appear  to  have  attractive  mechanical  properties,  such 
as  high  specific  strength,  specific  modulus,  specific  creep 
resistance,  and  good  oxidation/hot  corrosion  resistance. 
Research  on  TiAl  alloys  started  in  the  early  1970’s,  and 
there  has  been  a  tremendous  investment  in  alloy  and 
process  development  for  TiAl  over  the  past  decade. 
Development  of  TiAl  intermetallic  materials  still  continues 
today  across  the  materials  community.  TiAl  alloys  appear 
to  be  close  to  application  and  to  have  great  potential  for 
widespread  implementation.  However,  with  the  exception 
of  a  few  non-aerospace  related  applications,  for  example 
turbocharger  rotors  and  auto  engine  valves,  and  several  gas 
turbine  engine  components  that  have  been  engine  tested 
(e.g.  bearing  support  seal,  low  pressure  turbine  blades, 
compressor  blades),  TiAl  has  yet  to  break  into  large-scale 
production.  Gas  turbine  engine  applications  envisioned  for 
TiAl  include  compressor  blades,  vanes,  shrouds,  turbine 
disk  cover  plates,  blade  outer  air  seals,  and  low  pressure 
turbine  blades.  Also  under  consideration  are  large  static 
structures,  such  as  diffusers,  ducts,  and  cases.  For  many  of 
these  applications,  TiAl  alloys  can  be  produced  as  a  casting 
or  in  wrought  form.  Slight  chemistry  variations  and 
changes  in  processing  can  result  in  dramatic  changes  in  the 
microstructural  condition  of  TiAl  alloys.  As  a  result,  there 
is  quite  a  large  window  for  manipulating  microstructure  and 
tailoring  the  balance  of  mechanical  properties  for  a  given 
application.  Significant  interaction  between  designers  and 
materials  developers  will  be  required  to  take  maximum 
advantage  of  TiAl’s  high  temperature  properties  for  any 


101 


one  of  the  wide  variety  of  potential  applications.  Some 
applications  have  been  limited  because  of  scale-up 
difficulties  and  final  part  cost.  Other  applications  demand 
greater  high  temperature  strength/creep  resistance,  or 
improved  damage  tolerance,  to  make  TiAl  a  viable 
candidate  material.  Selection  of  an  alloy  chemistry, 
processing  route,  product  form,  and  final  manufacturing 
process  will  rely  heavily  on  the  specific  component  design 
requirements. 

Candidate  Innovative  Materials 

For  the  high  temperature  applications  envisioned  for  the 
next  advances  in  jet  engines,  Nb-  and  Mo-based  RMIC’s 
are  considered  to  be  the  most  likely  candidates  [9-17]. 
These  are  metal-toughened,  intermetallic-strengthened 
composites  with  volume  fraction  of  metallic  phase  of 
between  0.35  and  0.6.  The  Nb-RMIC’s  consist  of  a  bcc  Nb 
solid  solution,  with  Nb3Si  and/or  Nb5Si3  silicide  phases;  a 
small  volume  fraction  (<0.15)  of  a  NbCr2-ba$ed  Laves 
phase,  can  also  be  added  for  improved  oxidation  resistance. 
A  typical  composition  is  Nb,  22a/oTi,  4a/oHf,  4a/oCr, 
2a/oAl,  16a/oSi.  The  Mo-RMICs  consist  of  a  bcc  Mo  solid 
solution,  with  Mo5SiB2  T2  phase,  and  in  some  cases  a  small 
amount  of  Mo3Si  [2,  16-17].  A  typical  composition  might 
be  Mo,  8a/oSi,  16a/oB. 


The  refractory  metals  Nb  and  Mo  have  been  previously 
identified  as  being  most  suited  to  the  engine  environment 
[18].  Both  Nb  and  Mo  have  wide  solubility  for  a  number  of 
strengthening  additions;  Nb  is  inherently  ductile  at  room 
temperature,  and  has  a  relatively  low  density  (lower  than 
Ni)  of  8.56g/cm3;  Mo  has  a  higher  density  (10.2g/cm3),  and 
relatively  low  ductility  at  room  temperature.  The  room 
temperature  ductility  of  Mo-based  metals  can  be  improved 
by  thermo-mechanical  processing,  but  on  subsequent  high- 
temperature  exposure,  the  ductility  generally  reverts  to  the 
levels  inherent  to  Mo.  Both  metals  have  substantial 
oxidation  limitations,  and  their  RMIC’s  depend  on  an 
intermetallic  phase  to  provide  the  high-temperature 
oxidation  resistance.  For  an  appreciable  range  of 
chemistries,  oxidation  resistance  better  than  fourth- 
generation  superalloys  has  been  achieved.  Both  composite 
systems  also  have  been  alloyed  to  exceed  the  rupture 
strength  of  fourth-generation  superalloys  at  stresses  <175 
MPa.  To  date,  very  few  compositions  have  been  evaluated 
for  both  oxidation  resistance  and  rupture  strength,  and 
results  for  compositions  surpassing  fourth-generation 
superalloys  in  both  oxidation  and  rupture  have  not  been 
published.  Melting  points  of  these  composites  are  in  excess 
of  1750°C.  Densities  of  the  Nb-RMIC’s  are  in  the  range  of 
6.6-7.2  g/cc,  while  for  the  Mo-RMIC’s,  the  values  are  8.6- 
9.4  g/cc.  Fracture  toughness  of  the  Nb-based  RMIC  system 
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Figure  2:  Many  properties  must  be  balanced  for  new  materials  to  be  useful.  In  particular,  <1%  creep  is  desired  in  125h  at  >1200°C  (2200°F) 
for  tensile  stresses  of  at  least  175  MPa  (25  Kpsi);  oxidation  losses  for  the  RMIC  and  its  coatings  at  2400°F  (1315°C)  should  be  no  more 
than  the  losses  that  superalloys  and  their  coatings  exhibit  at  2100°F  (1 150°C). 
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has  reached  >20  MPa  m0'5  [10],  while  values  for  the  Mo- 
based  RMIC  are  generally  <15  MPa  m0  5.  The  differences 
in  fracture  toughness  are  reflected  in  the  fatigue  behavior 
of  the  RMIC’s,  with  the  Nb-RMIC  showing  metallic 
da/dN  -  AK  response,  and  the  Mo-RMIC  displaying 
ceramic-like  response  [10,  19-20]. 

For  either  RMIC  system  to  be  exploited,  a  balance  of 
properties  must  be  achieved  for  many  different  behaviors, 
these  behaviors  must  be  integrated  into  a  workable 
design,  and  an  affordable  method  of  fabrication  of  the 
composites  must  be  possible.  Both  systems  represent 
innovations  aimed  at  surpassing  fourth  generation  single 
crystal  Ni-superalloys,  but  current  funding  restraints  for 
advanced  systems  dictate  that  only  one  system  is  likely  to 
be  exploited.  The  following  discussions  will  concentrate 
on  the  Nb-RMIC’ s,  whose  density,  fracture  toughness, 
fatigue  behavior,  and  fabricability  show  an  advantage 
compared  to  Mo-RMIC’ s.  The  preliminary  creep  and 
oxidation  properties  indicate  that  (in  the  opinions  of  the 
authors)  these  Nb-RMIC  alloys  may  be  capable  of  being 
integrated  into  blade  designs  with  substantial  weight  and 
cooling  savings  payoffs  relative  to  fourth-generation 
superalloy  blade  designs. 

Design-Materials  Integration 

In  November  1998,  the  Air  Force  awarded  the  team  of 
General  Electric  and  Allison  Advanced  Development 
Company  a  contract  to  develop  the  materials,  processes, 
and  fabrication  techniques  for  the  demonstration  of  Nb-Si 
intermetallic  airfoils  for  aero-engine  turbine  applications. 
The  team  recognized  early  in  the  contract  the  need  for 
clear  property  goals  for  the  development  of  Nb-Si  alloys. 
During  the  structuring  of  the  technical  program,  a  task 
was  included  to  conduct  design  trade  studies.  This  task 
was  to  provide  the  alloy  developers  with  detailed  material 
property  requirements  for  specific  airfoil  applications. 
These  material  property  requirements  allowed  the  alloy 
developers  to  identify  shortfalls  in  material  property 
capability  during  the  alloy  screening  process.  It  also 
allowed  them  to  track  progress  toward  attaining  the 
required  properties  for  candidate  Nb-Si  alloys.  Material 
property  requirements  were  ranked  in  priority  of 
importance  to  the  airfoil  design,  and  sensitivity  trade 
studies  were  conducted  to  understand  the  design 
payoff/benefit  for  making  changes  in  any  given  material 
property. 

The  design  trade  study  was  structured  so  that  results  were 
continually  updated  and  refined  as  additional  physical  and 
mechanical  property  data  were  generated.  In  this  way  the 
fidelity  of  the  design  and  the  resulting  material  property 
requirements  increased  throughout  the  execution  of  the 
contract.  A  preliminary  set  of  mechanical  properties  for  a 
“generic”  Nb-Si  alloy  was  provided  as  initial  input,  and 
simple,  preliminary  design  tools  were  used  to  size  the 


airfoil  and  establish  temperature  profiles.  This  set  the 
material  creep  requirements  and  oxidation  requirements. 
Oxidation  and  creep  resistance  became  two  of  the  primary 
screening  criteria  during  the  alloy  development  in  the 
program  (see  results  in  next  section).  The  design  studies 
also  considered  the  requirements  for  bondcoat  and 
thermal  barrier  coating  application  to  Nb-Si  alloy 
substrates.  The  effect  of  coating  thickness  and  the  impact 
of  changes  in  TBC  conductivity  with  time  were 
investigated.  These  studies  helped  to  establish  the 
preliminary  coating  requirements  for  airfoil  design  and 
application.  As  additional  mechanical  property  data  on 
Nb-Si  alloys  are  generated,  especially  fatigue,  fatigue 
crack  growth,  and  impact  resistance,  the  design  trade 
studies  will  employ  more  sophisticated  design  tools,  and 
produce  more  robust  life  calculations  for  a  given  airfoil 
design  concept. 

Inherent  in  conducting  these  design  trade  studies  to 
determine  material  property  requirements  is  the  selection 
of  an  airfoil  configuration.  In  the  Air  Force  contract, 
several  airfoil  design  concepts  were  investigated  to 
determine  the  airfoil  configuration  that  best  took 
advantage  of  the  unique  balance  of  material  properties 
offered  by  Nb-Si  alloys.  Included  in  the  analysis  of  an 
airfoil  design  concept  were  the  issues  of  fabrication, 
including  any  required  machining  of  Nb-Si  material  and 
bonding/joining  to  other  materials.  Selection  of  leading 
airfoil  configurations  included  system  payoff/benefits  to 
the  component  efficiency  and  the  overall  aero-engine 
performance.  Table  I  shows  the  calculated  turbine  rotor 
weight  for  Nb-Si  and  Mo-Si  (using  density  and  rupture 
properties  used  in  constructing  Figure  1)  alloy  airfoils 
relative  to  a  current  Ni-base  superalloy  blade  and  disk 
configuration.  This  type  of  design  trade  study  helped  to 
establish  the  system  performance  enhancement  resulting 
from  the  introduction  of  new  materials,  such  as  these  high 
temperature  intermetallic  alloys.  The  interaction  between 
the  design  community  and  the  materials  community  has 
been  an  important  aspect  of  the  current  Air  Force 
contract.  These  interactions  help  to  assure  successful 
materials  development  and  implementation  into  product. 

Table  I  -  Design  trade  study  showing  the  impact  of  two 
intermetallic  airfoil  concepts  on  turbine  rotor  weight. 


Rotor  Weight 
Relative  to  Ni 

Alloy  Baseline 

Nb-Ti-Si-X 

Mo-Si-B-X 

Advanced  HPT 

Saves  20% 

Adds  24% 

Current  HPT 

Saves  22% 

Adds  9% 

Current  LPT 

Saves  21 % 

Saves  13% 

103 


State-of-the-Art  for  Nb-Si  RIMC’s 

Our  ongoing  research  program  [21-23]  has  been 
evaluating  the  feasibility  of  the  Nb-RMIC’s  for  aircraft 
engine  blade  applications  at  temperatures  where 
superalloys  will  be  weak  or  will  melt.  There  is  intrinsic 
thermodynamic  stability  of  the  phases  in  these 
composites,  which  is  a  critical  requirement  for  long  term 
applications  at  elevated  temperatures.  Efforts  have 
centered  on  developing  fundamental  understanding  of  the 
behavior  of  the  Nb-RMIC  system,  and  on  improving  the 
oxidation  and  rupture  resistance.  Using  these  results, 
preliminary  studies  of  how  to  integrate  these  materials 
into  advanced  designs  have  been  performed.  Currently, 
evaluations  are  being  made  of  process  and  fabrication 
methods  best  suited  to  exploit  these  alloys.  Defining  the 
required  balance  of  properties  was  described  in  the 
previous  section,  and  achieving  that  balance  is  the  focus 
of  on-going  work  [23].  The  status  of  the  material 
development  and  design  evaluation  is  reviewed  below. 

Oxidation:  The  long-term  goal  for  oxidation  behavior  is 
to  achieve  at  1315°C  the  1150°C  oxidation  life  of  today’s 
fourth-generation  superalloys  [23].  The  current  best  Nb- 
RMIC’s  miss  that  target  by  ~90°C,  and  closing  that  gap 
while  achieving  rupture  strength,  fatigue  and  fracture 
toughness  goals  will  be  difficult.  These  materials  may 
require  more  dependence  on  coatings  because  of  the  high 
surface  temperatures.  Of  course,  there  may  be  great  value 
in  exploiting  these  materials  at  less  than  the  target  surface 
temperatures,  since  they  still  offer  substantial  reductions 
in  airfoil  weight  and  cooling  air. 

The  near-term  goal  is  to  achieve  sufficient  oxidation 
resistance  in  the  uncoated  condition  to  survive  a  proposed 
demanding  engine  test.  The  uncoated  Nb-RMIC  will  be 
expected  to  lose  <200  microns  in  ten  hours  of  test  stand 
demonstration  exposure  at  1370°C,  if  it  is  to  survive  the 
proposed  engine  test. 

In  current  alloy  developments,  several  design-of- 
experiment  iterations  have  been  performed  to  characterize 
oxidation  behavior  as  a  function  of  composition.  The 
main-element  effects  of  Ti,  Hf,  Si,  Cr,  and  Al,  have  been 
determined  in  terms  of  weight  change  or  diameter  change 
at  temperatures  from  760°C  to  1370°C.  As  would  be 
expected,  the  composition-oxidation  relationship  varies 
with  varying  temperature,  so  that  optimization  of 
chemistry  for  oxidation  resistance  will  need  to  consider 
the  length  of  service  in  each  temperature  regime. 
However,  good  oxidation  resistance  can  be  achieved  for 
chemistries  with  Nb:[Ti+Hf]  ratios  of  1. 8-2.1  and  Si 
levels  of  17-19a/o,  which  are  desired  for  excellent  creep 
behavior.  Both  Cr  and  Al  have  a  strong  beneficial  role  on 
oxidation  behavior. 


Elements  such  as  Mo,  W,  V,  Zr  and  Ta  are  expected  to 
have  a  positive  influence  on  creep  behavior  of  the  bcc 
metallic  matrix,  but  all  have  a  negative  effect  on  oxidation 
behavior,  particularly  at  higher  temperatures.  Although  V, 
Zr  and  Mo  appear  to  be  most  damaging  to  oxidation 
behavior,  alloys  with  la/o  Mo  have  been  shown  to  suffer 
little  reduction  in  oxidation  resistance  compared  to  Mo- 
free  alloys.  Levels  of  Ta  and  W  (2a/o  of  each)  have 
demonstrated  minimal  reduction  in  oxidation  resistance, 
compared  to  (Ta,  W)-free  alloys,  and  these  addition 
elements  are  probably  the  best  candidates  for  achieving  a 
good  balance  of  oxidation  and  creep  rupture  behavior. 

A  number  of  studies  [22,23]  have  evaluated  substitutional 
elements  for  some  of  the  main  alloying  elements, 
including  Ge  and  B  partially  substituting  for  Si,  and  Fe 
partially  substituting  for  Cr.  The  greatest  positive  effects 
have  been  observed  for  Ge,  at  levels  up  to  ~6a/o.  Small 
additions  of  B  (2-6a/o)  may  be  helpful,  but  higher  levels 
are  damaging  to  oxidation  resistance.  Additions  of  Fe 
appear  to  be  equally  as  effective  as  Cr  at  levels  up  to  5a/o, 
but  combinations  of  Cr+Fe  are  no  more  effective  than  Cr 
alone,  for  the  same  total  concentrations. 

Refractory  metals  are  prone  to  pesting  (preferential 
oxidation  at  microstructural  features  such  as  grain 
boundaries,  coupled  with  oxygen  embrittlement,  which 
can  lead  to  self-pulverization  in  samples  cycled  from 
room  temperature  to  relatively  low  temperatures, 
generally  <950°C).  Additions  of  Al  and  Hf  are  known,  to 
reduce  the  pesting  susceptibility  of  Nb,Ti-based  metals, 
but  Nb-RMIC’s  can  still  be  attacked  in  this  manner.  By 
alloying  with  ~1.5a/o  Sn,  the  pesting  problem  has  been 
essentially  eliminated  in  the  750-950°C  regime.  The 
addition  of  Sn  has  minimal  effect  on  oxidation  at 
>1200°C. 

Figure  3  illustrates  the  state-of-the-art  oxidation  resistance 
for  the  uncoated  Nb-RMIC’s.  The  short-term  goal  has 
been  achieved  (losses  of  <200  microns  in  ten  hours  of  test 
stand  demonstration  exposure  at  1370°C).  Meeting  the 
long-term  goal  (<75  microns  in  100  hours  of  oxidation 
exposure  at  1315°C)  while  also  achieving  the  required 
balance  of  properties  will  be  more  difficult. 

Creep  Behavior :  Tension  and  compression  creep 
behavior  of  Nb  silicide-based  in-situ  composites  at 
temperatures  in  the  range  1000  to  1200°C  have  been 
investigated  in  detail  [23].  The  density-normalized  creep 
rupture  behavior  of  a  typical  Nb-silicide  RMIC  (Nb-25Ti- 
8Hf-16Si-2Al-2Cr)  is  compared  with  the  creep  rupture 
behaviors  of  DS  and  SC  Ni-based  superalloys  in  the 
Larson-Miller  plot  in  Figure  4.  These  data  indicate  that 
the  creep  rupture  behavior  of  the  Nb-silicide  RMIC  is 
similar  to  that  of  the  SC  superalloy.  Figure  4  illustrates 
the  increase  in  specific  rupture  performance  that  results 
from  the  substantial  reduction  in  density  of  the  Nb-silicide 
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Figure  3:  Oxidation  behavior  of  the  Nb-RMIC’s  has  been  improved  ten-fold  recently.  This  satisfies  the  short-term  goal  of  a  hypothetical 
engine  mission  (B)  (with  calculated  losses  of  100-125  pm,  compared  to  an  allowable  190pm).  However,  the  long-term  goal  (A)  requires 
another  ten-fold  reduction  in  oxidation  losses. 


RMIC.  Detailed  fundamental  investigations  of  the  effects 
of  alloying  additions,  such  as  Hf,  Ti,  Cr,  A1  and  Mo,  on 
the  creep  behavior  have  also  been  performed  during  the 
composite  development  [23].  Creep  of  composites  is 
controlled  by  a  combined  function  of  creep  in  the  silicide 
and  metallic  phases.  Creep  studies  of  monolithic  Nb5Si3 
generated  from  binary  and  higher  order  alloys  suggests 
that  creep  deformation  in  Nb5Si3  is  controlled  by  diffusion 
of  Nb  in  the  Nb5Si3  phase  [23]. 

The  rupture  strength  that  will  be  required  for  future 
applications  will  be  well  beyond  performance  that  has 
been  measured  to  date.  Current  estimates  are  that  a 


Larson  Miller  Parameter  T[20+log  t],  (1.8K,  h) 

Figure  4:  Creep  resistance  progress.  The  Nb-Si  RIMC  has  a 
composition  of  Nb-25Ti-8Hf-2Al-2Cr- 1 6Si. 


further  factor  of  ten  increase  over  present  rupture  lives 
may  be  required  for  application  of  the  silicide-based 
composites  [23].  The  goal  for  creep  performance  is  that 
there  must  be  no  more  than  1%  creep  in  125  hours  at  high 
temperatures  and  stresses,  such  as  1200°C  and  >170  MPa. 
If  there  is  minimal  primary  creep  (typically,  less  than 
0.1%  primary  creep  in  these  systems),  this  corresponds  to 
a  secondary  creep  rate  of  2.2xl0‘8  s'1.  This  has  been 
demonstrated  in  binary  Nb-Si,  ternary  Nb-Ti-Si,  and 
quaternary  Nb-Ti-Hf-Si  composites,  but  not  in  higher 
order  systems  [23]. 

Coatings :  Excellent  coatings  have  been  developed  for  the 
Nb-RMIC’s  that  can  withstand  1370°C  for  >  100  hours. 
We  have  evaluated  12  different  potential  coating 
compositions.  One  of  the  coatings  is  shown  in  Figure  5  in 
both  the  as-deposited  condition  and  after  1370°C  100 
hours  (cycles)  exposure.  There  are  cracks  formed  in  the 
coating  probably  due  to  the  brittle  nature  of  the  coating 
phases  and  the  difference  in  coefficients  of  thermal 
expansion  (CTE)  between  them.  These  cracks  are  self- 
healing,  i.e.,  they  do  not  propagate  with  further  high 
temperature  exposure  or  thermal  cycling,  Figure  5(b).  A 
TBC  of  yttria-stabilized  zirconia  (YSZ)  was  applied  on 
the  coating  by  the  air  plasma  spray  (APS)  process.  The 
test  buttons  were  made  of  Nb  silicide  composites  of  2.5 
cm  diameter  and  0.3  cm  thick.  The  specimens  with  the 
bond  coat  and  the  APS  TBC  were  subjected  to  furnace 
cycle  tests  (FCT)  to  870,  1200,  and  1370°C.  During  FCT 
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tests,  the  specimens  were  heated  to  the  test  temperature 
for  1  hour  in  air  and  then  taken  out  of  the  furnace  and 
cooled  for  10  minutes  with  blowing  air  from  a  fan.  The 
specimens  were  then  re-loaded  into  the  high  temperature 
furnace.  These  tests  were  repeated  for  100  cycles  for 
each  temperature.  No  internal  oxidation  of  the  substrate 
was  observed  and  no  pesting  was  observed  at  any  of  the 
temperatures.  In  addition,  the  TBC  still  adhered  to  the 
bond  coat  after  the  FCT  for  100  cycles  at  1370  °C.  Very 
little  interaction  between  the  coating  and  the  substrate 
occurred,  i.e.,  the  bond  coat  was  very  stable,  as  shown  in 
Figure  5(b).  The  coating  has  also  been  tested  at  1430°C 
for  50  hours  (cycles).  There  was  substantial  growth  of  the 
interaction  zone,  but  the  coating  was  still  protective  and 
there  was  no  internal  oxidation.  Thus,  the  coating  has  the 
capability  up  to  at  least  1400  °C.  The  performance  of  the 
coating  was  very  encouraging  and  it  serves  as  a  base  for 
further  coating  development. 


Figure  5:  Micrographs  of  a  coating  developed  for  Nb  silicide 
composites  showing  the  microstructure  in  as-deposited  condition 
(a)  and  after  1370  °C  100  hours  (cycles)  exposure  (b).  Cracks  in 
the  as-deposited  coating  did  not  propagate  during  cyclic 
exposure. 

Investment  Casting:  The  Nb-Si  RMIC’s  have  been 
fabricated  using  a  range  of  processes,  including  arc¬ 
melting,  ingot  casting  plus  thermo-mechanical  processing, 
directional  solidification,  vapor  deposition,  and  powder- 


metallurgy  processing  [11].  However,  from  a  practical 
point  of  view,  investment  casting  of  near-net  shape 
structures  of  these  advanced  alloys  has  received  the  least 
attention,  partly  because  of  the  difficulty  of  finding 
ceramic  mold  materials  capable  of  withstanding  the  high 
melting  temperatures  of  the  RMIC’s.  Initial  efforts  to 
evaluate  the  castability  of  this  class  of  alloys  showed 
some  promise  [24].  In  the  present  work,  the  feasibility  of 
investment  casting  thin  sheets  of  selected  Nb-Si  RMIC’s 
was  explored  using  a  hybrid  arc-melting  and  drop-casting 
technique  that  was  developed.  In  this  process,  the  alloys 
were  arc-melted  using  conventional  techniques,  and  drop- 
cast  into  heated  ceramic  molds.  The  molds  were  prepared 
using  conventional  slurry  techniques.  Appropriate  face- 
coats  were  applied  to  the  ceramic  molds  to  prevent  mold- 
metal  interaction.  Investment-cast  plates  with  dimensions 
of  76mm  length,  25mm  width,  and  thickness  from  3-8mm 
were  obtained  with  this  process.  Prototype  airfoil  shapes 
were  also  successfully  cast  using  this  technique.  Alloys 
ranging  from  ternary  Nb-Ti-Si  to  multicomponent  Nb-Ti- 
Hf-Cr-Al-Si-base  compositions  were  investigated.  Figure 
6  shows  backscattered  electron  (BSE)  images  of  the 
microstructure  of  two  selected  compositions.  The  phase 
distribution  and  compositions  in  the  cast  microstructures 
were  similar  to  those  obtained  by  the  other  casting 
processes,  and  there  was  no  evidence  of  any  gross 
segregation.  Oxygen  content  was  found  to  be  670  to  1020 
wppm;  the  average  is  similar  to  arc-cast  materials. 
Detailed  analysis  near  the  mold  has  not  been  performed. 

Challenges  /  Issues  For  Exploiting  Nb-Si  RMIC’s 

The  trends  to  date  indicate  that  a  promising  balance  of 
low-temperature  and  high-temperature  properties  can  be 
obtained  through  appropriate  alloying,  processing,  and 
microstructural  control.  However,  there  is  still  a  limited 
database  of  engineering  properties  on  a  reduced  set  of 
alloys.  For  further  development  of  the  Nb-Si  RMICs, 
fracture  toughness  no  longer  appears  to  be  a  major  barrier, 
provided  that  further  alloying  additions  do  not  reduce  the 
present  toughness  levels.  The  levels  of  toughness 
measured,  the  crack  growth  characteristics,  and  the  ability 
to  perform  common  cutting,  grinding  and  machining  tasks 
with  standard  practices,  suggest  that  further 
improvements  in  toughness  are  not  critical  to  the 
implementation  of  these  RMIC’s.  However,  dynamic 
impact  properties  of  these  alloys  have  not  been 
investigated,  and  could  be  a  barrier  to  their 
implementation. 

Initial  fatigue  data  [10]  have  been  obtained  at  room 
temperature;  additional  fatigue  data  are  required  as  a 
function  of  temperature.  Threshold  stress  intensities 
(AKth)  of  >10  MPa  m05  will  be  required  with  Paris  law 
slopes  not  greater  than  5  for  component  applications.  A 
systematic  effort  therefore  is  required  toward  generating 
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3:1  silicide  5:3  silicide 


Figure  6.  Backscattered  SEM  microstructures  of  transverse  sections  of  investment-cast  (a)  Nb-34Ti-16Si  alloy,  and  (b)  Nb- 
23Ti-2Hf-4Cr-3Al-16Si  alloy  with  2.5  at.%  of  additional  elements. 


properties,  such  as  fracture  toughness,  fatigue-crack 
growth,  tensile  strength,  and  creep  performance,  as  well 
as  stress  rupture,  before  these  alloy  systems  can  be 
considered  for  service. 

There  is  a  clear  need  for  further  research  on  the  effect  of 
composition  on  both  processing  and  microstructural 
control.  In  general,  processing  methods  for  these 
advanced  alloy  systems  have  not  been  sufficiently 
explored.  Traditional  processing  of  the  multicomponent, 
multiphase  alloys  poses  serious  technical  challenges. 
Process  developments  are  required  to  enhance  RMIC 
properties  and  to  establish  the  capability  to  manufacture 
complex  articles  of  these  composites.  Process 
developments,  such  as  investment  casting  and  vapor 
deposition,  are  relatively  unexplored.  Investment  casting 
of  RMIC’s  offers  a  relatively  low-cost  processing 
approach  for  fabricating  near  net-shape  components,  such 
as  blades  and  vanes.  However,  the  casting  methods  are 
still  at  their  infancy,  and  extensive  efforts  are  required  to 
identify  high-temperature  mold  materials  and  face-coats 
that  are  compatible  with  the  RMIC  compositions.  Vapor 
deposition  of  RMIC’s  offers  the  potential  for  designing 
composite  micro  structures  and  complex  component 
articles.  However,  a  sufficient  combination  of  chemistry 
and  microstructure  control  has  to  be  developed  to  provide 
the  required  balance  of  high-  and  low- temperature 
mechanical  properties. 

While  substantial  recent  improvements  in  oxidation 
resistance  have  been  realized  through  alloying  efforts,  a 
further  improvement  in  the  base  composite  performance 
of  a  factor  of  10  is  required  in  order  to  achieve  the  goal  of 
<25  |im  loss  per  100  hours  for  component  surface 
temperatures  of  1315°C  (2400°F).  Even  with  these 
improvements,  the  RMIC’s  will  require  oxidation- 
protective  coatings  and  TBC’s  for  any  long-term  use  in 


the  temperature  range  of  proposed  service.  The  role  and 
performance  of  coatings  for  RMIC’s  are  still  in  their 
infancy.  Although  coatings  developed  to  date  have  shown 
significant  promise  in  terms  of  oxidation  protection, 
coating  development  for  the  advanced  alloys  will  require 
additional  research  on  new  compositions,  as  well  as 
coating  deposition  technologies.  The  influence  of  coatings 
on  the  mechanical  properties  of  the  base  RMICs  needs  to 
be  systematically  evaluated.  In  essence,  the  challenge  in 
developing  these  alloys  is  to  extend  the  oxidation 
performance  and  guarantee  stability  under  cyclic 
conditions,  while  ensuring  the  micro  structures  and 
mechanical  properties  achieved  to  date. 

Summary 

Very  high  temperature  Nb-Si  RMIC  systems  are  attractive 
candidates  for  future  jet  engine  turbine  components. 
While  superalloy  airfoils  operate  with  surfaces  at  1150°C, 
advanced  designs  will  need  the  Nb-based  RMIC’s  to 
operate  equally  successfully  at  temperatures  up  to 
1315°C;  this  requires  further  improvement  in  rupture  and 
oxidation  resistance.  Rupture  capability  has  been 
demonstrated  surpassing  fourth-generation  single  crystal 
Ni-base  alloys,  and  specific  rupture  is  improved  because 
RMIC’s  possess  20%  lower  density  than  superalloys. 
Coating  chemistries  and  processes  for  these  RMIC’s  have 
demonstrated  oxidation  resistance  and  retention  of  TBC’s 
for  100  hours  of  cycling  to  1370°C.  Extrusion,  directional 
solidification,  and  investment  casting  all  have  been  used 
successfully  to  produce  RMIC’s. 

The  greatest  barrier  today  to  the  insertion  and  exploitation 
of  new  materials  is  the  disparity  between  traditional 
material/process  development  cycles  and  shrinking  engine 
development  cycles.  Using  disciplined,  computer-aided 
practices  and  accurate  performance  simulation  models, 
designers  have  reduced  the  engine  development  cycle  to 
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less  than  four  years.  Prevailing  materials  development 
cycles  are  twice  as  long.  This  disparity  too  often  results  in 
premature  material  insertion  or  decisions  rejecting  any 
new  material  insertion.  Thus,  interest  is  lost  in  the 
potential  benefits  of  new  materials  and  in  investing  in 
new  materials  technology 

The  differences  in  behavior  between  RMIC’s  and 
superalloys  (ductility,  toughness,  oxidation,  etc)  may 
represent  an  obstacle.  The  engine  design  practice  built 
upon  experience  with  superalloys  needs  to  be  modified  to 
account  for  these  differences.  It  is  critical  that,  very  early 
on,  the  engine  designers  become  comfortable  with  the 
differences  in  materials  behavior.  In  this  way,  the 
designers  can  develop  new  tools  and  practices  to  take 
advantage  of  better  materials  properties,  while  designing 
around  weaker  properties.  The  development  of  new 
RMIC’s  is,  thus,  not  simply  an  alloy/process  effort. 
Instead,  strong  ties  need  to  be  developed  between  the 
materials  development  and  engine  design  communities. 

The  development  of  RMIC’s  can  benefit  greatly  from  the 
approach  being  developed  in  the  DARPA  Accelerated 
Insertion  of  Materials  (AIM)  initiative  (the  participants 
include  GE,  Pratt  and  Whitney,  and  Boeing).  The 
principal  goal  of  AIM  is  to  create  a  process  that 
accelerates  the  insertion  of  new  materials  and  processes  to 
achieve  parity  with  the  engine  development  cycle.  When 
it  is  completed,  the  process  will  drive  valuable  cultural 
and  technical  changes  for  materials  development.  Design 
engineers  will  be  early  partners  in  materials  development, 
developers  will  exploit  new  tools  and  information 
technology  to  design  and  analyze  new  materials,  and  will 
learn  from  and  build  on  previous  developments, 
shortening  the  development  cycle.  The  development  of 
RMIC’s  will  use  these  tools  when  they  are  available. 
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Abstract 

A  diffusion  multiple  is  an  assembly  of  three  or  more  different  metal  blocks,  in  intimate 
interfacial  contact,  that  is  subjected  to  a  high  temperature  to  allow  thermal  interdiffusion. 
The  power  of  using  a  diffusion  multiple  approach  in  the  efficient  mapping  of  phase 
diagrams  and  materials  properties  for  multicomponent  alloy  systems  is  illustrated  in  this 
article  using  several  examples.  It  is  now  possible  to  map  phase  diagrams  and  materials 
properties  at  an  efficiency  some  3  orders  of  magnitude  higher  than  the  conventional 
one-alloy-at-a-time  approach.  With  this  high  efficiency,  many  critical  materials  data  that 
otherwise  would  be  too  time-consuming  and  expensive  to  acquire  can  be  obtained  and 
employed  to  accelerate  our  understanding  of  a  system’s  materials  physics  and  chemistry. 
It  is  postulated  that  coupling  the  diffusion  multiple  approach  with  the  CALPHAD 
(calculation  of  phase  diagrams)  method  will  have  a  significant  impact  on  the 
computational  design  of  materials. 

Keywords :  combinatorial  methods,  diffusion,  elastic  properties,  mechanical  properties, 
nanoindentation,  phase  equilibria ,  structural  materials . 


Introduction 

Structural  alloys  usually  consist  of  several 
alloying  elements  and  multiple  phases  in 
order  to  simultaneously  achieve  and  bal¬ 
ance  several  properties  such  as  strength, 
ductility,  modulus,  fatigue  resistance,  and 
environmental  resistance.  The  fundamental 
questions  facing  alloy  designers  are  (1)  which 
elements  will  be  most  effective  for  strength¬ 
ening,  (2)  how  can  the  precipitation  of  de¬ 
sirable  phases  be  induced  to  strengthen 
the  alloy  while  avoiding  the  formation  of 
detrimental  phases,  and  (3)  how  stable 
will  the  precipitates  and  microstructure  be 
against  coarsening  and  long-term  exposure? 
Addressing  these  questions  requires  infor¬ 
mation  such  as  phase  diagrams,  solution¬ 
hardening  effects,  and  kinetic  data.  As  more 
advanced  alloys  are  required  for  more  de¬ 


manding  applications,  alloy  developers 
are  resorting  to  the  addition  of  more 
alloying  elements  to  achieve  the  required 
properties.  For  instance,  advanced  Ni- 
based  superalloys  have  8-11  elements.  As 
the  number  of  elements  increases,  the 
amount  of  information  required  to  predict 
the  phases  and  properties  of  a  multi- 
component  alloy  also  rapidly  increases. 
The  traditional  one-alloy-at-a-time  ap¬ 
proach  for  measuring  phase  diagrams  and 
composition-property  relationships  is  too 
slow  for  the  alloy  development  process. 

The  desire  for  rapid  mapping  of  phase 
diagrams  and  materials  properties  dates 
back  a  long  way  A  brief  history  can  be 
found  in  the  introductory  article  in  this 
issue  of  MRS  Bulletin .  Metallurgists  have 


been  using  diffusion  couples  for  more 
than  a  century  to  evaluate  diffusion  coeffi¬ 
cients  and  phase  diagrams  by  taking  ad¬ 
vantage  of  the  local  equilibrium  at  the 
phase  interfaces.  However,  the  composi¬ 
tion  variations  generated  in  the  diffusion 
couples  were  generally  not  exploited.  Part 
of  the  reason  is  that  few  microscale  probes 
were  then  available  to  measure  useful 
properties.  Recent  advances  in  instru¬ 
mented  nanoindentation1'2  allow  the  effec¬ 
tive  measurement  of  both  elastic  modulus 
and  hardness  from  very  small  areas 
(4-25  ix m2),  thus  allowing,  for  the  first 
time,  critical  composition-property  (hard¬ 
ness  and  modulus)  relationships  to  be 
mapped  from  diffusion  couples.3'4  The  elas¬ 
tic  modulus  can  be  evaluated  either  from 
the  slope  of  the  unloading  curve  when  the 
elastic  part  of  the  deformation  pushes  the 
indenter  out,  or  from  the  loading  curve 
when  an  oscillation  is  superimposed.1'2 

To  extend  the  idea  into  multicomponent 
systems,  a  diffusion  multiple  approach 
was  developed  to  generate  composition 
variations  in  order  to  map  the  phase  dia¬ 
grams  and  properties  of  the  systems.3'4  A 
diffusion  multiple  is  an  assembly  of  three 
or  more  different  metal  blocks,  in  intimate 
interfacial  contact,  that  is  subjected  to  a 
high  temperature  to  allow  thermal  inter- 
diffusion.  The  concept  is  an  extension  of  a 
diffusion  triple  method  introduced  by 
Hasebe  and  Nishizawa5  and  Jin  et  al.fi'7  A 
new  method  of  making  diffusion  mul¬ 
tiples  using  hot  isostatic  pressing  (HIP) 
and  the  new  idea  of  using  multicomponent 
alloys  as  one  of  the  members,  coupled 
with  advanced  microanalytical  techniques 
such  as  electron  probe  microanalysis 
(EPMA),  electron  backscatter  diffraction 
(EBSD),  and  nanoindentation,  make  dif¬ 
fusion  multiples  a  powerful  approach  for 
structural  materials  research  and  develop¬ 
ment.  Using  multicomponent  alloys  as 
one  of  the  members  of  a  diffusion  multiple 
permits  facile  assessment  of  the  effects  of 
intentional  or  adventitious  composition 
variations  on  the  alloys'  properties.3'4 

We  will  show  examples  to  illustrate  how 
diffusion  multiples  are  used  to  map  criti¬ 
cal  data  for  structural  materials  design  such 
as  phase  diagrams,  the  solution-hardening 
effect,  and  the  compositional  dependency 
of  the  elastic  modulus.  The  impact  of  this 
approach  to  structural  materials  design 
will  also  be  discussed.  We  will  then  com¬ 
plete  the  article  by  describing  and  com¬ 
menting  on  other  approaches  on  the 
horizon  that  have  potential  application  to 
structural  materials  design. 

The  Diffusion  Multiple  Approach 

In  order  to  explore  the  phase  relations 
and  properties  of  the  Ni-Fe-Mo  system 
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and  the  effects  of  these  elements  on  modi- 
fying  the  properties  of  a  commercial  alloy, 
a  diffusion  multiple  of  Ni,  Fe,  Mo,  and  the 
Ni-based  superalloy  Inconel  706  (IN706) 
was  made  by  placing  quarter-pie-shaped 
components  into  a  pure  Ni  tube,  as  shown 
in  Figure  1 3'4  Two  Ni  caps  were  placed  on 
the  top  and  bottom  of  the  Ni  tube  and 
welded  in  a  vacuum  using  an  electron 
beam.  The  welded  assembly  was  treated 
by  HIP  for  4  h  at  1100°C  under  200-MPa 
pressure  to  provide  good  contacts  among 
the  elements  and  the  alloy.  The  assembly 
was  then  annealed  for  1500  h  at  1100°C 
to  cause  extensive  interdiffusion.  At  the 
Ni-Mo-Fe  tri-junction,  where  these  three 
elements  meet,  extensive  interdiffusion 
took  place.  All  of  the  binary  and  ternary 
intermetallic  compounds  (£,  p,  and  P) 
formed  in  situ  due  to  diffusion  reactions 
(Figure  Id).  The  local  equilibrium  at  the 
phase  interfaces  allows  mapping  of  the 


entire  phase  diagram  from  the  tri-junction 
area  (Figure  lc),  and  the  phase  diagram 
obtained  from  this  diffusion  multiple 
agrees  extremely  well  with  the  one  in  the 
literature  determined  from  equilibrated 
bulk  alloys.3'4 

In  addition,  the  diffusion  process  cre¬ 
ated  composition  variations  of  all  of  the 
single-phase  regions  (including  all  of  the 
intermetallic  compounds),3'4  which  allowed 
rapid  mapping  of  hardness  and  elastic 
modulus  as  a  function  of  composition  for 
each  phase  (Figure  lb).  For  instance,  we 
can  quickly  find  out  whether  the  Ni 
substitution  of  Fe  in  the  /x  phase  changes 
its  modulus  and  hardness.  In  this  case,  no 
significant  change  was  observed.  The 
hardness  and  elastic  modulus  properties 
of  intermetallic  compounds  can  now  be 
evaluated  effectively  without  going  through 
the  time-consuming  synthesis  processes 
of  individual  compounds.  Because  of  the 


brittle  nature  of  most  intermetallics,  syn¬ 
thesis  can  be  very  challenging,  especially 
for  those  with  very  high  melting  points. 
The  diffusion  multiple  approach  can  be 
used  to  quickly  screen  structural  inter¬ 
metallics,  especially  now  that  it  is  possible 
to  extract  fracture-toughness  data  from 
nanoindentation  using  a  cube-comer  in¬ 
dented8  In  this  application,  the  EBSD 
technique9  is  also  extremely  useful  for 
identifying  the  crystal  structures  of  the 
intermetallics  without  going  through  the 
time-consuming  sample-making  process 
for  transmission  electron  microscopy.  The 
intermetallic  compounds  formed  in  diffu¬ 
sion  multiples  can  be  identified  by  com¬ 
bining  the  compositional  information 
from  EPMA  and  crystal  structure  informa¬ 
tion  from  EBSD. 

A  more  recent  diffusion  multiple  ex¬ 
ample10  is  shown  in  Figure  2.  In  this  case, 
rectangular  foils  of  pure  Pd,  Pt,  and  Rh, 
254  pm  (10  mils)  thick,  were  stacked  on  a 
notched  rectangular  piece  of  Ru  (1  mm  on 
one  side  and  0.5  mm  on  the  other)  in  a 
bricklaying  pattern.  The  whole  stack  was 
placed  inside  a  slot  measuring  13  mm  X 
1.8  mm  cut  from  a  25-mm-diameter  pure 
Cr  disk  3  mm  thick.  Intimate  interfacial 
contact  among  all  of  these  pieces  was 
achieved  through  a  HIP  process.  We 
mapped  10  ternary  phase  diagrams  from 
this  single  sample;10  it  would  probably 
take  more  than  a  thousand  alloys  to  map 
these  diagrams.  Thus,  efficiency  can  be  in¬ 
creased  by  about  3  orders  of  magnitude 
with  this  approach.  The  Cr-Rh-Ru  phase 
diagram  is  shown  in  Figure  2  as  an  example. 

At  the  Pd-Pt-Rh  tri-junction,  the  compo¬ 
sition  variation  of  the  entire  ternary  sys¬ 
tem  was  generated  by  interdiffusion.  By 
performing  nanoindentation  across  the 
ternary  and  binary  areas,  the  composi¬ 
tional  dependency  of  hardness  and  elastic 
modulus  was  mapped,  as  shown  in  Fig¬ 
ure  2.  To  our  knowledge,  this  is  the  first 
time  an  entire  ternary  system  has  been 
surveyed  with  respect  to  its  mechanical 
properties.  Nonlinear  behaviors  can  be 
evaluated  very  effectively.  A  positive  devia¬ 
tion  from  linear  hardening  was  observed 
for  all  three  binary  systems,  Pd-Pt,  Pd-Rh, 
and  Pt-Rh;  the  three-dimensional  (3D) 
surface  representing  hardness  in  the 
Pd-Rh-Pt  system  also  shows  a  positive 
deviation  from  a  simple  rule-of-mixtures 
linear  hardening  everywhere  in  the  alloy 
space.  This  has  been  determined  efficiently 
both  for  alloying  elements  with  very  dif¬ 
ferent  hardnesses  (i.e.,  adding  relatively 
hard  Rh  to  relatively  soft  Pd-Pt  mixes)  as 
well  as  for  alloying  elements  with  very 
similar  hardnesses  (i.e.,  adding  relatively 
soft  Pt  to  variable-hardness  mixes  of  Pd-Rh 
with  near-constant  Rh  content). 


Ni  Fe 


Figure  1.  (a)  A  diffusion  multiple  of  Ni,  Fe,  Mo,  and  the  Ni-based  superalloy  inconel  706 
(IN706)  and  (b)-(d)  part  of  the  results  obtained  from  the  Fe-Mo-Ni  tri-junction  region, 
(b)  Hardness  variation  with  Mo  content  in  the  y  phase .  (c)  The  1 100°C  isothermal 
section  of  Fe-Mo-Ni.10  (d)  Backscattered  electron  image  showing  the  formation  of 
the  intermetallic  phases. 
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Figure  2.  A  diffusion  multiple  made  up  of  Pd,  Pt,  Rh,  Ru,  and  Cr.  Some  of  the  resufts  shown 
are  the  1200°C  isothermal  section  of  the  Cr-Rh-Ru  phase  diagram  and  the  hardness  and 
modulus  variation  with  composition  for  the  Pd-Pt-Rh  ternary  system.16  The  image  marked 
EBSD  was  obtained  by  electron  backscatter  diffraction  of  the  A1 5  phase. 


Results  for  the  elastic  modulus  survey 
across  the  entire  Pd-Rh-Pt  ternary  system 
are  also  shown  in  Figure  2.  The  negative 
deviation  from  a  linear  rule-of-mixtures 
modulus  was  observed  for  the  Pd-Rh 
binary  system.  However,  the  Pd-Pt  and 
Pt-Rh  systems  show  different  deviations 
from  a  linear  modulus,  unlike  the  case  for 
hardness.  For  Pt-Rh,  the  modulus  deviates 
slightly  positively  from  linearity,  while  for 
Pd-Pt,  the  modulus  essentially  follows  the 
linearity  for  Pd-rich  compositions,  and  de¬ 
viates  oppositely  for  Pt-rich  compositions. 
Thus,  the  3D  surface  representing  the  elas¬ 
tic  modulus  of  the  Pd-Rh-Pt  system  shows 
more  complex  deviation  from  a  simple 
rule  of  mixtures  than  was  the  case  for 
hardness.  Again,  this  complex  behavior 
has  been  determined  efficiently  for  both 
alloying  elements  with  very  different 
moduli  (i.e.,  adding  Rh  to  Pd-Pt  mixes)  as 


well  as  for  alloying  elements  with  very 
similar  moduli  (i.e.,  adding  Pt  to  Pd-Rh 
mixes  of  near-constant  Rh  content). 

The  solution  hardening  and  softening 
effects,  as  well  as  the  modulus  behavior, 
contain  a  great  amount  of  information 
about  the  elemental  interaction:  bonding, 
nonlinear  solid-state  interaction,  and  so 
on.  The  data  shown  in  Figure  2  can  serve 
as  experimental  inputs  to  test  and  im¬ 
prove  ab  initio  calculation  algorithms.  The 
diffusion  multiple  approach  offers  a  fast 
way  to  generate  critical  experimental  data 
to  test  theoretical  predictions. 

Diffusion  multiples  can  be  designed  with 
different  shapes  and  forms  to  achieve 
different  purposes.  For  instance,  diffusion 
multiples  were  designed  and  made  to 
screen  for  effective  diffusion  barriers  for 
high-temperature  coating  applications.11 
In  this  case,  A1  from  Al-rich  coatings  on 


Ni-based  superalloys  diffuses  into  super¬ 
alloy  substrates  during  high-temperature 
service,  thus  consuming  the  substrate  and 
reducing  the  A1  content  in  the  coating, 
which  degrades  the  coating's  oxidation 
resistance.  It  is  highly  desirable  to  have  a 
diffusion  barrier  to  retain  high  A1  in  the 
coating  while  saving  the  substrate.  There 
are  several  potential  attributes  that  may 
be  critical  for  effective  diffusion  barriers: 

(1)  thermodynamic  stability  against  both 
superalloy  substrates  and  the  coatings, 
which  usually  contain  NiAl  {0}  phase; 

(2)  low  A1  solubility;  (3)  low  diffusion  co¬ 
efficients;  and  (4)  high  elemental  partition¬ 
ing  among  the  coating,  the  substrate,  and 
the  diffusion  barrier.  It  was  not  known 
which  of  these  attributes  were  the  most 
critical  ones,  and  the  available  thermo¬ 
dynamic  and  kinetic  databases  were  insuffi¬ 
cient  for  designing  the  diffusion  barriers. 

To  quickly  screen  these  attributes  and 
find  effective  diffusion  barriers,  three  dif¬ 
fusion  multiples  were  made,11  each  con¬ 
taining  as  many  as  12  different  coating/ 
substrate /barrier  combinations.  Their  ge¬ 
ometry  and  arrangement  are  schematically 
shown  in  Figure  3.  Slabs  of  single-phase 
NiAl  were  used  as  a  proxy  for  the  coating. 
Many  diffusion-barrier  compositions  were 
selected  to  test  the  desired  attributes,  and 
alloys  were  made.  Wedges  of  diffusion- 
barrier  alloys  were  sandwiched  between 
superalloys  and  NiAl  pieces  3  mm  thick. 
Several  different  superalloy  compositions 
and  many  diffusion  barriers  were  tested 
at  the  same  time.  The  diffusion  barriers 
were  annealed  at  high  temperatures  for  a 
prolonged  time  period  (100-1000  h).  The 
wedge-shaped  design  was  intended  to  test 
several  effects  at  the  same  time.  At  loca¬ 
tion  1  (Figure  3),  where  there  was  no  dif¬ 
fusion  barrier,  the  interdiffusion  between 
the  superalloy  substrate  and  NiAl  was 
severe,  and  it  served  as  a  baseline  for  com¬ 
paring  the  effectiveness  of  various  diffu¬ 
sion  barriers.  At  location  2,  where  a  thin 
diffusion  barrier  was  present,  the  effec¬ 
tiveness  of  the  diffusion  barrier  could  be 
assessed,  and  the  stability  of  a  thin  diffu¬ 
sion  barrier  against  the  interdiffusion  of 
the  NiAl  and  the  superalloy  could  be  evalu¬ 
ated.  We  could  also  estimate  the  required 
thickness  of  the  particular  diffusion  bar¬ 
rier.  At  location  3,  the  stability/ interaction 
between  the  diffusion  barrier  and  the 
superalloy  could  be  evaluated  without  the 
presence  of  NiAl.  Similarly,  at  location  4, 
the  stability/interaction  between  the  dif¬ 
fusion  barrier  and  NiAl  could  be  evaluated 
without  the  presence  of  the  superalloy. 
Some  barrier  compositions  tested  had  little 
interaction  with  the  superalloys  but  had 
intensive  interaction  with  NiAl,  while 
others  behaved  the  opposite. 
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Figure  3.  Application  of  diffusion 
multiples  in  the  development  of  diffusion 
barriers  to  reduce  the  interdiffusion 
between  the  Al-rich  coating  and  the 
superalloy  substrate.17  See  the  text 
for  details. 


We  quickly  identified  the  critical  attri¬ 
butes  for  effective  diffusion  barriers,  and  a 
couple  of  diffusion  barriers  identified  from 
the  diffusion  multiples  are  currently  under 
testing  for  an  advanced  jet-engine  applica¬ 
tion.  In  this  case,  we  tested  many  ideas, 
compositions,  and  thickness  variations,  as 
well  as  chemical  (thermodynamic)  stability/ 
compatibility  and  kinetics  at  the  same  time. 
The  three  diffusion  multiples  served  as  a 
comprehensive  design  of  experiment  with 
a  very  high  efficiency.  They  allowed  us  to 
quickly  find  the  "chemistry"  behind  an  ef¬ 
fective  barrier,  and  thus  develop  a  strategy 
for  designing  it. 

Impact  on  Structural 
Materials  Design 

While  the  use  of  diffusion  multiples  for 
screening  diffusion  barriers  is  one  example 
of  their  various  potential  applications, 
some  of  the  areas  where  this  approach  will 
have  the  most  impact  will  probably  be 
in  the  rapid  mapping  of  phase  diagrams, 
solution-hardening  effects,  binary  diffu- 
sivity  matrices,  and  modulus  dependency 
on  composition  and  phases,  to  provide 
critical  data  for  the  computational  design 
of  materials. 

The  CALPHAD  (calculation  of  phase 
diagrams)  approach12'13  is  a  major  part 
of  the  computational  design  of  mate¬ 


rials.  It  provides  multicomponent  phase- 
equilibrium  data,  the  driving  force  for 
precipitation  modeling,  the  segregation 
and  latent  heat  data  for  solidification 
modeling,  and  thermodynamic  factors 
for  constructing  the  diffusion-coefficient 
matrices  for  multicomponent  alloys.14 
Thermodynamic  calculations  using  the 
CALPHAD  approach  are  presently  per¬ 
formed  on  a  daily  basis  in  industrial 
laboratories  such  as  the  GE  Corporate 
Research  Center.15 

In  the  CALPHAD  approach,  the  Gibbs 
energy  of  each  phase  is  fitted  to  a  poly¬ 
nomial  as  a  function  of  composition  and 
temperature.  The  fitting  parameters  (so- 
called  thermodynamic  parameters)  are 
optimized  from  the  pure  element  (unary) 
data  (melting  point,  specific  heat,  allo- 
tropic  transition  temperature.  Curie  tem¬ 
perature  if  any,  heat  of  fusion),  binary  and 
ternary  phase-diagram  data  (tie-lines,  tie- 
triangles,  invariant  reaction  temperatures, 
and  compositions),  and  thermodynamic 
data  (heat  of  formation  for  the  compounds, 
activity,  heat  of  mixing).  The  Gibbs  energy 
functions  of  the  binary  and  ternary  systems 
are  then  extrapolated  into  multicomponent 
systems.  The  approach  has  proven  to  be 
very  successful  over  the  last  three  decades. 

Since  most  unary  and  binary  phase- 
diagram  data  already  exist,  the  critical 
data  required  for  building  a  reliable  multi- 
component  thermodynamic  database  are 
experimental  ternary  phase  diagrams.  The 
number  of  ternaries  required  is  very  large, 
but  the  available  ones  are  far  fewer,  espe¬ 
cially  for  new  alloy  systems  such  as  Mg 
alloys.  The  diffusion  multiple  approach  for 
the  rapid  mapping  of  phase  diagrams  will 
have  a  high  impact  on  the  establishment 
of  reliable  thermodynamic  databases  for 
the  computational  design  of  materials.  As 
R.W.  Cahn  put  it,  "I  expect  to  see  this  ap¬ 
proach  developed  in  the  near  future;  then 
the  years  involved  in  determining  a  ternary 
phase  diagram  will  be  drastically  shortened, 
especially  if  the  combinatorial  approach 
is  linked  with  CALPHAD  calculations."16 
The  efficiency  of  diffusion  multiples  in 
mapping  phase  diagrams  is  now  so  high 
that  the  time-limiting  step  in  building 
thermodynamic  databases  wall  no  longer 
be  the  experimental  determination  of  phase 
diagrams,  but  rather  the  thermodynamic 
assessments  (optimization). 

Some  particular  advantages  might  also 
accrue  from  studies  of  ternary  systems, 
especially  if  ternary  compounds  can  be 
identified  that  equilibrate  with  a  desired 
solid-solution  matrix.  Other  factors  being 
equal  (melting  point,  crystal  structure,  etc.), 
ternary  compounds  are  more  attractive  as 
second  phases  than  binary  compounds 
because  (1)  the  dispersions  are  likely  to  be 


more  stable  due  to  slowed  diffusion  rates 
(two  components  must  diffuse  for  growth 
to  occur),  (2)  slowed  diffusion  rates  should 
contribute  to  strength  maintenance  in 
high- temperature  regimes  of  diffusion- 
controlled  deformation,  and  (3)  ternary 
compounds  are  known  to  be  more  resis¬ 
tant  than  binaries  to  strength  degradation 
with  increasing  temperature,  probably  be¬ 
cause  of  (2).17'18 

With  the  support  of  the  Air  Force  Office 
of  Scientific  Research  (AFOSR),  we  are  cur¬ 
rently  using  diffusion  multiples  to  map 
phase  diagrams  for  the  Nb-H-Si-Cr-Al 
system19  to  provide  experimental  data  for 
building  a  thermodynamic  database  for 
the  design  of  Nb  silicide  composites.  These 
composites  showed  high  promise  for  use 
in  advanced  jet-engine  turbine  airfoils 
with  higher  operating  temperatures  than 
Ni-based  superalloys  can  withstand.20'21 
With  the  support  of  the  Accelerated  In¬ 
sertion  of  Materials  (AIM)  program  of 
the  Defense  Advanced  Research  Projects 
Agency  (DARPA),  we  are  using  diffusion 
multiples  to  map  critical  ternary  phase  dia¬ 
grams  to  improve  the  current  thermo¬ 
dynamic  database  of  Ni-based  superalloys.15 

Mapping  phase  diagrams  for  thermo¬ 
dynamic  modeling  (left-hand  side  of  Fig¬ 
ure  4)  is  only  one  of  the  contributions  of 
the  diffusion  multiple  approach  to  mate¬ 
rials  design.  The  binary  diffusion  profiles 
from  diffusion  multiples  can  also  be  used 
to  evaluate  binary  diffusion  coefficients. 
These  coefficients,  along  with  the  thermo¬ 
dynamic  factors  calculated  from  thermo¬ 
dynamic  databases,  can  be  used  to  predict 
the  diffusion  coefficients  of  higher-order 
systems.  The  diffusion  databases  are  criti¬ 
cal  for  simulating  kinetic  processes  of  ma¬ 
terials  such  as  precipitation  kinetics  and 
coarsening  kinetics.  This  is  schematically 
shown  in  the  middle  column  of  Figure  4. 

Because  of  the  link  between  diffusion 
coefficients  and  thermodynamic  factors, 
the  diffusion  coefficients  themselves  show 
ordering  or  clustering  in  a  solid  solution. 
In  simple  terms,  the  sign  of  the  heat  of 
mixing,  whether  positive  (clustering)  or 
negative  (ordering),  relates  to  the  pair 
interactions  of  the  atoms.  For  instance,  the 
diffusion  coefficients22  evaluated  from  the 
Pd-Pt,  Pt-Rh  diffusion  profiles  measured 
from  the  diffusion  multiple  in  Figure  2 
showed  complex  behaviors  that  can  be 
used  to  test  the  first-principles  predic¬ 
tion.23  Thus,  the  diffusion  coefficients  also 
add  to  our  understanding  of  the  bonding 
and  physics  in  the  alloy  system.  Phase- 
diagram  and  modulus-composition  pro¬ 
files  also  contain  such  information. 

The  right-hand  side  of  Figure  4  illus¬ 
trates  the  importance  of  hardness  and 
modulus  mapping  for  structural  materials 
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Microprobe  Nanoindentation 


Figure  4.  Schematic  diagram  summarizing  the  outputs  from  the  diffusion  multiples  that  are 
important  inputs  for  materials  design.  See  the  text  for  details. 


design.  Solution  strengthening  involves 
complex  interactions:  atomic  size  effects, 
energy-band  interactions,  and  so  on;  it  is 
not  easy  to  make  accurate  predictions 
from  first  principles.  Rapid  mapping  of 
hardness  and  modulus  will  provide  criti¬ 
cal  data  for  materials  design  and  for  test¬ 
ing  the  first-principles  predictions.  In  this 
case,  any  ternary  interactions  can  be  dis¬ 
cerned  from  the  mapped  property  surfaces. 
Moreover,  a  solution-hardening  database 
can  be  rapidly  built  to  allow  alloy  devel¬ 
opers  to  pick  effective  elements  for 
strengthening  the  alloys. 

While  not  described  in  this  article,  the 
composition  variations  generated  in  diffu¬ 
sion  multiples  can  be  used  to  study  pre¬ 
cipitation  kinetics.  Precipitation  hardening 
is  the  most  important  strengthening 
mechanism  for  most  structural  materials. 
Diffusion  multiples  allow  the  rapid  as¬ 
sessment  of  precipitation  kinetics  simulta¬ 
neously  for  a  range  of  compositions,3'4  in 
contrast  to  the  traditional  approach,  where 
a  single  alloy  (composition)  is  studied. 
Precipitation  kinetics  is  extremely  critical 
for  controlling  the  microstructure,  and  thus 
the  properties,  of  structural  materials. 


Moreover,  the  different  microstructures 
generated  in  the  different  composition 
regions  of  the  diffusion  multiples  during 
kinetic-study  experiments  can  be  directly 
screened  using  nanoindentation  for  desired 
mechanical  properties.  The  results  can  be 
very  useful  for  materials  designs  that  are 
not  based  on  the  CALPHAD  approach.24,25 

Figure  4  summarizes  the  major  outputs 
from  diffusion  multiples  that  will  be 
important  for  structural  materials  design. 
Again,  the  left-hand  column  shows  fire 
construction  of  a  thermodynamic  database 
to  predict  phase  equilibria  in  multicompo¬ 
nent  alloys.  This  is  like  building  a  ''global 
map"  for  a  particular  multicomponent  sys¬ 
tem.  Since  the  thermodynamic  data  are 
extrapolated  mostly  from  binary  and  ter¬ 
nary  systems,  the  global  map  may  not  be 
very  accurate,  but  it  will  guide  us  to  the 
proximity  of  desired  locations  (phases)  in 
the  multicomponent  space.  By  using  one 
or  more  multicomponent  alloys  as  mem¬ 
bers  of  diffusion  multiples,  we  can  then 
generate  a  detailed  'local  map"  to  optimize 
the  alloy  and  specify  the  composition  win¬ 
dows.  This  is  schematically  shown  at  the 
bottom  left  of  Figure  4. 


Other  Approaches 

One  of  the  limitations  of  diffusion  mul¬ 
tiples  is  that  they  cannot  be  used  to  evalu¬ 
ate  liquid-solid  phase  equilibria,  which 
are  important  for  modeling  solidification 
processing.  Recently,  a  melting  and  float¬ 
ing  zone  approach  was  used  by  Cohen- 
Adad  et  al.26"23  to  generate  continuous 
composition  variations  in  binary  and 
quasi-binary  systems,  and  it  can  be  used 
to  evaluate  liquid-solid  equilibria.  It  com¬ 
plements  the  diffusion  multiple  approach 
very  well  by  defining  the  liquid-solid  part 
of  the  phase  diagrams.  It  can  also  be  used 
to  evaluate  solidification  processes  due  to 
the  possible  control  of  the  solidification  rate. 

Very  recently,  Ikeda  et  al.29  employed  a 
diffusion  couple  made  of  pure  Al  and  an 
Fe-15at%Al  alloy  to  study  the  ordering 
phase  diagram  of  the  Fe-Al  binary  system. 
They  made  the  diffusion  couple  by  melt¬ 
ing  pure  Al  in  an  Fe-15at.%Al  alloy  cup. 
The  diffusion  couple  was  first  annealed  at 
1300°C  for  4  h  to  generate  the  composition 
variation  and  then  was  sliced  into  disks 
for  annealing  at  lower  temperatures  to 
evaluate  the  ordering  equilibria.  The  re¬ 
sults  obtained  from  the  diffusion  couple 
agreed  well  with  those  obtained  from  in¬ 
dividual  alloys. 

Thin-film  approaches,30"35  especially  the 
continuous  phase-diagram  mapping  ap¬ 
proach,33,35  may  find  application  in  struc¬ 
tural  materials.  To  determine  phase 
diagrams  at  relatively  low  temperatures,  it 
may  be  advantageous  to  use  thin-film  ap¬ 
proaches,  since  much  less  time  is  required 
to  form  a  homogeneous  composition  across 
the  thin-film  thickness.  In  contrast,  it  may 
take  a  long  time  to  promote  sufficient 
interdiffusion  in  diffusion  multiples  to 
map  phase  diagrams  and  properties  at 
low  temperatures.  In  addition,  occasion¬ 
ally  equilibrium  intermetallic  compounds 
do  not  form  in  diffusion  couples  at  low 
temperatures,  probably  due  to  nucleation 
difficulties.  This  phenomenon  has  been 
observed  in  a  few  alloy  systems  and  usu¬ 
ally  occurred  at  temperatures  below  half 
of  the  homologous  melting  point.  At  such 
low  temperatures,  the  compounds  may  be 
easier  to  form  in  thin  films,  especially 
when  the  substrate  is  heated  to  the  desired 
temperatures.  Care  needs  to  be  exercised 
to  avoid  possible  reaction  of  the  film  with 
the  substrate  and  the  environment  (oxy¬ 
gen,  carbon,  hydrogen,  etc.).  In  addition, 
there  are  kinetic  barriers  to  the  formation 
of  equilibrium  phases,  even  in  thin  films 
at  low  temperatures.  The  situation  im¬ 
proves  if  the  thin  films  started  as  an  amor¬ 
phous  structure.  More  work  needs  to  be 
carried  out  in  this  area. 

To  evaluate  properties  such  as  hardness 
and  modulus,  thick  films  are  highly  desir- 
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able  since  the  thickness  has  to  be  larger 
than  the  typical  micros tructural  scale  of 
structural  materials.  Large  grain  size  is  also 
necessary  for  evaluating  solution-  and 
precipitation  hardening  while  minimizing 
the  complication  of  structural  (e.g.,  grain 
size)  hardening.  In  this  regard,  the  high 
efficiency  of  electron-beam  physical  vapor 
deposition  (EB-PVD)  becomes  very  attrac¬ 
tive.  Continuous  composition  variations 
can  be  generated  by  EB-PVD  using  differ¬ 
ent  evaporation  pools,  as  demonstrated  by 
Kennedy  et  al.30  The  deposition  efficiency 
and  flexibility  of  generating  composition 
variations  become  even  better  with  the 
EB-DVD  process  recently  developed  by 
Groves  et  al.36  This  process  is  especially  at¬ 
tractive  for  generating  composition  varia¬ 
tions  for  ceramic  materials. 

Very  recently,  the  thin-film  approach 
using  reactive  magnetron  sputtering  and 
plasma-enhanced  chemical  vapor  deposi¬ 
tion  was  employed  to  develop  hard  coat¬ 
ings  and  rewritable  optical  data-storage 
materials.37  Similar  approaches  would 
accelerate  the  coating  development  for 
structural  materials,  especially  when 
nanoindentation  is  also  employed.38 

As  more  microscale  property  probes  be¬ 
come  available,  we  anticipate  even  more 
applications  of  the  diffusion  multiple  ap¬ 
proach  in  the  mapping  and  design  of 
structural  and  functional  materials. 
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Abstract 

Application  of  the  diffusion  multiple  approach  in  efficient  mapping  of  alloy  phase 
diagrams  and  critical  materials  properties  such  as  hardness,  modulus,  solution-hardening 
effects,  etc.  is  illustrated  in  this  chapter.  The  approach  can  achieve  about  three  orders  of 
magnitude  increase  in  efficiency  over  the  traditional  one-alloy-at-a-time  method.  The 
emphasis  of  this  presentation  is  on  describing  the  various  analytical  (mapping)  techniques 
for  efficient  survey  of  materials  structure  and  properties  from  diffusion  multiples,  and  the 
state-of-the  art  capabilities  and  limitations  of  these  techniques.  Examples  are  given  to  for 
systems  containing  Cr  and  precious  metals,  Pd,  Pt,  Rh  and  Ru. 


1.  Introduction 

Unlike  functional  materials  which  most  often  are  used  for  one  specific  physical  or 
chemical  property,  structural  materials  often  need  to  satisfy  simultaneously  several 
different  properties  such  as  strength,  ductility,  modulus,  fracture  toughness, 
environmental  resistance,  etc.  In  addition,  many  structural  materials  undergo  several 
different  processes  such  as  casting,  forging,  rolling  and  the  like  before  they  are  used  in 
the  final  product.  Thus,  it  is  not  very  practical  to  “screen”  for  structural  materials  directly. 
Instead,  high-efficiency  approaches  can  be  used  to  map  critical  properties  and  data  to 
accelerate  the  design  of  structural  materials. 

The  strength  of  structural  alloys  is  controlled  by  dislocation  mobility  and  it  comes 
predominately  from  three  sources:  solution  strengthening,  precipitation/dispersion 
strengthening,  and  micro  structural  strengthening.  The  first  case  involves  atoms  of 
different  sizes  distorting  a  crystal  lattice,  thus  making  dislocations  more  difficult  to  move. 
Alloy  designers  would  like  to  know  which  elements  are  more  effective  than  others  in 
solution-strengthening  and  by  what  amount.  Currently,  predictions  from  first  principles 
are  still  not  up  to  the  challenge.  Experimental  mapping  of  the  solution-strengthening 
effects  would  be  very  useful  for  alloy  design,  especially  for  new  alloy  systems.  The 
second  case  involves  in-situ  formation  (precipitation)  or  intentional  addition  (dispersion) 
of  second  phase  particles  in  a  crystalline  matrix  to  slow/block  dislocation  movements.  In 
this  case,  it  is  critical  to  know  the  stability  and  the  nucleation  and  growth  kinetics  of  the 
particles.  To  predict  these  properties  requires  phase  diagrams  and  diffusion  coefficients. 
Phase  diagrams  are  also  very  useful  to  guide  alloy  designers  to  promote  phases  which 
have  been  identified  as  beneficial  precipitates  and  to  avoid  detrimental  ones.  The  third 
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case  involves  microstructural  imperfections  such  as  dislocation  tangles/pile-ups  induced 
by  alloy  processing  (such  as  cold  rolling).  The  grain  size  effect  (the  Hall-Petch  effect)  is 
an  example  of  this  type  of  strengthening.  Microstructural  strengthening  is  accomplished 
by  processing  and  is  not  a  necessary  part  of  the  alloy  composition  design.  Therefore, 
phase  diagrams,  solution-strengthening  effects  and  diffusion  coefficients  are  among  the 
very  basic  information  required  for  alloy  design. 

This  paper  describes  the  diffusion  multiple  approach  for  efficient  mapping  of  phase 
diagrams,  solution-hardening  effect,  diffusion  coefficients,  and  modulus  variation  with 
composition  and  phases.  The  emphasis  is  placed  on  explaining  the  detailed 
microanalytical  probes  that  make  efficient  mapping  possible  and  the  detailed  process  of 
obtaining  data  from  the  diffusion  multiples.  The  authors  hope  to  show  colleagues  in 
other  fields  how  to  use  tools  such  as  electron  probe  microanalysis  (EPMA),  electron 
backscatter  diffraction  (EBSD)  and  nanoindentation  to  screen  composition,  crystal 
structure,  and  elastic  modulus  in  other  materials. 


2.  Diffusion  Multiple  Fabrication 

The  diffusion  multiple  shown  in  Fig.  1  was  made  by  cutting  a  slot  of  1 .8  mm  width  and 
12.7  mm  length  from  a  25  mm  diameter  pure  Cr  disk  of  3  mm  thickness.  Pure  Pd,  Pt,  and 
Rh  foils  of  0.25  mm  thickness  are  arranged  in  a  bricklaying  geometry  shown  in  Fig.  1  and 
put  into  the  slot  in  the  Cr  disk  along  with  a  pure  Ru  piece  with  2  steps  on  it.  The  Ru 
piece  had  a  thickness  of  1  mm  on  one  side  and  0.5  mm  on  the  other.  Two  pure  Cr  disks 
(without  the  slot)  of  25.4  mm  diameter  and  3.2  mm  thickness  were  placed  on  top  and 
bottom  of  the  slotted  Cr  disk  containing  all  the  precious  metals.  The  assembly  was  then 
placed  in  a  pure  Ti  tube  of  25.5  mm  inner  diameter  and  32  mm  outer  diameter  and  9.6 
mm  height.  Two  Ti  disks  of  32  mm  diameter  and  3.2  mm  thickness  were  placed  on  the 
top  and  the  bottom  of  the  Ti  tube  filled  with  the  three  Cr  disks.  The  assembly  was 
welded  using  an  electron  beam  in  vacuum  along  the  top  and  bottom  outer  circular  edges 
of  the  Ti  tube.  The  welded  outer  Ti  tubes  and  caps  served  as  a  hot  isostatic  pressing  (HIP) 
can.  The  whole  assembly  then  underwent  a  HIP  run  of  1200°C,  200  MPa  for  4  hours. 

The  diffusion  multiple  was  further  annealed  at  1200°C  for  36  hours  in  a  vacuum  furnace 
-  making  the  total  diffusion  exposure  time  as  40  hours  at  1200°C.  The  Cr  disks  and  the 
Ti  HIP  can  serve  as  protection  for  the  precious  metals  from  any  interstitial  contamination 
during  heat  treatment.  The  diffusion  time  was  chosen  to  develop  diffusion  profiles 
measurable  over  lengths  of  -100  microns,  so  that  neighboring  diffusion  sources  would 
not  interfere  with  the  couple  or  triple  being  evaluated. 

The  annealed  diffusion  multiple  was  then  cut  into  halves  parallel  to  two  Ti  caps  and  at  the 
mid-point  of  the  thickness  direction.  The  sample  was  then  ground  and  polished  for 
EPMA,  EBSD,  and  nanoindentation  tests.  Nanoindentation  was  performed  using  a 
Hysitron  (Minnesota,  USA)  instrumented  indenter.  All  results  reported  in  this  paper  were 
obtained  from  this  single  sample. 
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The  bricklaying  pattern  allows  the  formation  of  ten  different  diffusion  triples  in  this 
diffusion  multiple,  as  shown  in  Fig.  1  highlighted  with  circles.  The  Cr-Pt-Ru  tri-junction 
is  shown  in  Fig.  2.  Based  on  the  binary  phase  diagrams,  there  should  be  one  intermetallic 
compound  (Cr3Pt  with  an  A15  crystal  structure)  formed  between  Cr  and  Pt,  and  also  one 
compound  (a  with  a  tetragonal  crystal  structure)  between  Cr  and  Ru.  There  should  be  no 
compound  between  Pt  and  Ru,  just  the  fee  /  hep  equilibrium.  The  scanning  electron 
microscopy  (SEM)  backscatter  electron  (BSE)  image  clearly  shows  the  A15  (C^Pt)  and 
the  a  phase  and  a  clear  fee  /  hep  phase  boundary.  But,  it  is  difficult  to  locate  the  phase 
boundary  between  the  A 15  and  the  c  phase  using  SEM  BSE  image  alone.  We  will  show 
how  we  can  combine  the  EPMA  and  EBSD  techniques  to  identify  the  phase  boundaries 
and  to  obtain  the  tie-line  information  to  construct  the  ternary  phase  diagram.  In  addition 
to  the  formation  of  all  the  intermetallics  compounds,  the  diffusion  multiple  also  creates  a 
complete  variation  of  all  the  single  phase  compositions  [1,2].  These  compositions  will 
allow  us  to  map  solution-hardening  effects  and  modulus-phase-composition  relationships. 
A  brief  introduction  of  various  microanalytical  techniques  will  be  presented  first  to  give 
the  reader  a  sense  of  their  spatial  resolution,  accuracy,  and  analytical  procedures. 


3.  Microanalysis 

In  choosing  analytical  techniques  for  high  throughput  materials  characterization,  several 
factors  are  especially  important:  spatial  resolution,  automation,  and  spatial  registry 
between  techniques.  The  granularity  of  a  compositional  variation  will  be  controlled 
either  by  the  spatial  resolution  of  the  processing  technique  or  by  the  spatial  resolution  of 
the  analytical  technique.  A  high  degree  of  analytical  automation  is  required  to  efficiently 
characterize  the  hundreds  of  compositional  points  and  phase  boundaries  present  in  a 
single  diffusion  multiple.  Spatial  registry  between  techniques  is  equally  important.  To 
characterize  a  sample  and  connect  it  with  physical  properties,  different  analytical 
techniques  must  be  able  to  accurately  and  reliably  address  the  same  compositional  (X-Y) 
point  on  a  diffusion  multiple  or  any  other  compositional  library.  Below  we  will  discuss 
the  use  of  EPMA,  EBSD  and  imaging,  and  nanoindentation  as  characterization 
techniques  capable  of  meeting  these  demands  as  high  throughput  characterization  tools. 
Each  of  these  techniques  is  already  highly  developed  and  commercially  available.  While 
we  will  review  the  basic  principles  of  each  technique,  the  emphasis  will  be  on  the  use  of 
the  technique  for  the  diffusion  multiple  studies  with  the  precious  metal  diffusion  multiple 
as  a  guiding  example. 

3.1  Microprobe 

The  electron  probe  microanalyzer  (EPMA)  is  a  powerful  instrument  for  the  micro¬ 
chemical  analysis  of  inorganic  materials.  EPMA  is  a  technique  capable  of  chemically 
analyzing  solid,  vacuum-compatible  materials  with  high  spatial  resolution  and  sensitivity. 
The  volume  excited  under  typical  electron  microprobe  conditions  is  on  the  order  of  a 
cubic  micron,  which  is  equivalent  to  a  sample  size  of  a  few  picograms.  EPMA  can  detect 
elements  spanning  most  of  the  periodic  table,  from  Be  to  U,  with  typical  detection  limits 
of  0.1%  atomic  and  down  to  a  few  ppm  in  select  cases.  It  can  provide  accuracy  of  less 
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than  1%  relative  for  most  major  sample  components,  and  3-5%  relative  for  minor 
components,  depending  upon  matrix  effects.  Most  electron  microprobe  instruments 
operate  in  the  10'7  tolO'6  torr  range,  which  allows  more  rapid  sample  throughput  than 
ultra-high  vacuum  (UHV)  instruments.  Sample  preparation  requirements  for  EPMA  are 
less  stringent  than  many  other  instruments.  EPMA  can  be  performed  on  all  conductive 
materials  and  most  non-conductive  materials  with  the  application  of  a  thin,  conductive 
coating  (e.g.,  carbon)  which  can  be  done  with  resistive  evaporation  or  by  common  sputter 
coaters,  to  provide  a  pathway  for  electrons  away  from  the  electron  beam-sample 
interaction  area. 

EPMA  utilizes  a  finely  focused,  high-energy  electron  beam,  which  bombards  a  pre¬ 
selected  location  on  a  solid  specimen.  The  resulting  emission  includes  back-scattered 
primary  electrons,  secondary  electrons,  low-energy  photoelectrons,  Auger  electrons,  x- 
ray  and  optical  photoemission  (Fig.  3).  In  EPMA,  the  radiation  of  interest  is  the 
characteristic  x-ray  emission.  The  specific  X-ray  energies  (or  wavelengths)  are 
characteristic  of  the  particular  element  which  was  initially  excited.  This  phenomenon 
allows  correlation  of  the  measurement  of  characteristic  x-rays  to  the  composition  of  a 
probed  region  on  a  specimen. 

Detection  of  x-rays  and  subsequent  identification  of  elements  present  in  a  specimen  can 
be  carried  out  by  solid-state  energy-dispersive  spectrometry  (EDS)  or  wavelength- 
dispersive  spectrometry  (WDS).  WDS  is  preferred  for  data  acquisition  over  EDS  in 
EPMA  for  several  reasons,  including  a  much  better  energy  resolution  and  higher  peak  x- 
ray  count  rates  and  peak-to-background  ratios,  which  allow  much  lower  minimum 
detection  limits. 

The  basis  for  modem  electron  microprobe  analysis  was  established  in  1951  by  Castaing 
in  his  Ph.D.  thesis  in  which  he  set  out  its  fundamental  principles  and  its  realization  as  a 
metallurgical  tool  [3].  He  outlined  a  method  for  obtaining  a  quantitative  x-ray  analysis 
from  a  micrometer-sized  region  of  a  solid  specimen.  This  was  achieved  by  measuring  the 
ratio  (“K”)  of  characteristic  x-ray  emission  intensity  (“I”)  of  element  “A”  from  the 
specimen  to  that  of  a  pure  elemental  standard.  This  ratio  was  shown  to  be  proportional  to 
the  composition  (“C”)  of  element  “A”  in  the  analyzed  area,  to  a  first  approximation. 

=/(ca)  (1) 

1  A,s  tan  dard 

Castaing’ s  second-order  approximations  employed  an  empirical  coefficient  “ZAF”  to 
account  for  certain  matrix-dependent  effects  [4],  These  physical  phenomena  which 
significantly  attenuate  or  amplify  the  characteristic  x-rays  generated  within  a  specimen 
include  the  electron  scattering/atomic  number  effect  “Z”,  absorption  within  the  sample 
“A”,  and  the  fluorescence  effect  “F”. 

Improvements  in  computer  hardware  and  continued  development  of  algorithms  which 
model  these  effects  have  greatly  increased  the  accuracy  in  quantitative  EPMA.  We  can 
now  simulate  the  electron  trajectories  in  a  single  or  multi-element  sample  to  calculate  the 


4 


range  of  electrons  along  multiple  scattering  events  as  a  function  of  many  variables  such 
as  incident  beam  energy  and  average  atomic  number.  These  Monte  Carlo  calculations  [5] 
enable  us  to  predict  the  energy  distribution  of  the  incident  beam  within  the  specimen,  and 
the  transfer  of  energy  on  the  atomic  level.  From  these  range  simulations,  we  can  model 
continuum  and  characteristic  x-ray  production  as  well.  This  ability  is  very  helpful  to  the 
analyst  in  the  preparation  of  an  analysis  traversing  multiple  varying  composition  regimes. 

The  resultant  X-ray  excitation  volume  exceeds  that  of  the  electron  scattering  volume.  We 
can  see  from  Fig.  4  that  significant  opportunity  for  X-ray  production  occurs  for 
chromium  ka  well  below  the  surface,  less  so  for  platinum.  However,  since  only  emitted 
X-ray  signal  is  measured,  we  must  correct  for  the  absorption  of  X-ray  signal  by  the 
matrix  (effectively  reducing  the  volume  sampled),  as  well  as  “secondary”  X-ray  signal 
created  by  primary  X-ray  fluorescence  (increasing  the  volume  sampled).  These  and  other 
factors  result  in  an  X-ray  production  density  which  is  not  constant  with  interaction 
volume  [6]. 

Correction  procedures  for  these  phenomena  have  evolved  for  decades,  and  are  still 
undergoing  refinement  [7].  Some  of  the  most  useful  ones  today  are  based  upon  <j)pz 
distributions  from  various  samples  which  carefully  define  the  distribution  of 
characteristic  x-ray  productions  with  depth. 

The  depth  beneath  the  sample  surface  is  often  expressed  as  “pZ”,  represents  mass 
thickness.  From  the  simple  depiction  shown  in  Fig.  5,  we  can  see  that  the  largest 
proportion  of  X-rays  generated  come  from  a  fairly  shallow  region  relative  to  the  entire  x- 
ray  excitation  volume.  “<|>(pZ)  curves”  are  widely  used  models  which  have  been 
important  in  the  calculation  of  X-ray  intensities  for  multi-element  systems,  Fig.  5. 

The  fundamentals  of  this  analytical  technique  devised  over  a  half-century  ago  remain 
intact.  Great  improvements  in  mechanical  hardware  have  allowed  precise,  multi-element 
compositional  profiling.  The  ability  to  move  a  specimen  accurately  in  very  exact  and 
uniform  increments  while  measuring  characteristic  X-ray  intensities  of  many  elements  at 
each  interval  has  advanced  its  value  as  a  tool  for  materials  science.  The  development  of 
optically-encoded  WDS  spectrometers  allows  multiple  element  analysis  of  both  peak  and 
background  X-ray  signals  on  a  single  spectrometer  with  excellent  reproducibility  of 
positioning.  The  invention  of  synthetic,  multi-layer  "pseudo-crystals"  and  anti¬ 
contamination  systems  have  improved  light  element  detection  by  orders  of  magnitude. 
The  latest  large-area  crystals  such  as  LiF  (lithium  fluoride),  PET  (pentaerythritol)  and 
TAP  (thallium  acid  phthalate)  crystals  offer  microprobe  operators  huge  count  rate 
advantages,  thus  allowing  productivity  gains  when  applied  to  multi-element  composition 
profiling.  These  large  count  rates  can  indirectly  help  improve  spatial  resolution  in  some 
cases,  by  allowing  the  use  of  lower  beam  current  to  achieve  optimized  x-ray  counting 
statistics. 

EPMA  is  naturally  well-suited  to  achieving  efficient  and  accurate  composition  profiles 
with  high  spatial  resolution.  The  marriage  of  high  speed  computer  automation  and  very 
precise  sample  stage  and  X-ray  spectrometer  hardware  has  provided  a  powerful  analytical 
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tool  for  high-throughput  approaches  to  materials  research.  The  microprobe  work  done  in 
mapping  of  phase  diagrams  and  in  phase  equilibria  determination  in  the  present  study 
was  performed  on  a  Cameca  SX50  with  four  vertical  wavelength-dispersive 
spectrometers  and  fully  integrated  PGT  EDS  system  automated  by  a  Sun  Ultral  Unix 
workstation,  Fig.  6.  Modem  EPMA  systems  are  usually  equipped  with  a  motorized  stage 
that  has  a  positional  precision  of  0.5  pm  in  X-,  Y-  and  Z-directions,  and  can  move  over  a 
range  of  several  centimeters.  Such  a  system  allows  automated  data  collection  by  logging 
the  EPMA  line  scan  positions  ahead  of  time  into  a  executable  file  and  allows  the 
instmment  to  collect  data  without  the  presence  of  the  operator. 

Data  reduction  (from  X-ray  intensity  ratios  to  composition  in  weight  percent)  was 
typically  performed  using  "PAP",  developed  by  F.  Pichoir  and  J.L.  Pouchou  [8],  a 
modified  (j)(pZ)  program  and  good  general  model  for  a  wide  range  of  X-ray  energies 
(lOOeV  to  over  lOkeV)  and  accelerating  voltages  (1  to  40keV),  and  better  accounts  for 
the  depth  distribution  of  energies  than  common  matrix  correction  procedures  (ZAF). 

It  is  very  important  to  achieve  very  high  throughput  EPMA  while  maintaining  acceptable 
accuracy  and  precision  in  the  resultant  compositions  measured.  In  measuring  large 
numbers  of  phases  and  intermetallic  compounds  throughout  this  work  with  compositions 
varying  only  slightly  among  some  of  them,  we  need  to  carefully  select  the  analysis 
parameters  that  would  give  the  most  productive  results.  A  large  effort  is  placed  in  both 
qualitative  and  quantitative  examination  of  these  diffusion  multiples  in  advance  of  more 
thorough  quantitative  profiling  in  order  to  balance  the  accuracy  needed  with  the  total 
acquisition  time  during  analyses  of  on  the  order  of  103  to  104  data  points.  Usually  the 
EPMA  analysis  was  performed  on  the  order  of  one  minute  per  point. 

The  main  procedures  of  automating  the  electron  microprobe  effort  can  be  broken  down 
into  four  activities:  identify,  screening,  analysis  design,  and  acquisition.  The  "identify" 
activity  involves  a  combination  of  light  optical  and  backscatter  electron  imaging  coupled 
with  some  form  of  qualitative  analysis  to  distinguish  meaningful  regions  from  artifact 
(topographic  or  crystallographic  differences).  Typically  the  multiple  is  given  light  optical 
inspection  after  the  metallographic  preparation.  Next,  secondary  electron  or  back- 
scattered  electron  micrographs  are  taken  to  identify  the  best  sections  within  a  given 
diffusion  multiple  for  further  evaluation  from  average  atomic  number  contrast.  In  many 
cases,  more  than  one  section  of  a  specific  multiple  needs  to  be  analyzed  due  to  porosity, 
cracking  of  intermetallic  compounds  during  sample  preparation,  or  other  deleterious 
effects  along  a  particular  binary  or  ternary  region  in  a  given  metallographic  section. 

The  phases  identified  by  backscatter  electron  contrast  would  be  compared  to  adjacent 
regions  using  semi-quantitative  surveys  to  determine  presence  of  unique  phases  or 
diffused  regions  -  a  critical  step  to  avoid  spending  hours  performing  unnecessary 
quantitative  analysis.  This  was  often  done  using  X-ray  counting  integration  for  specific 
elements  present  over  a  pre-set  time,  or  by  performing  an  EDS  spectral  acquisition  on  the 
areas  for  comparison.  In  some  cases  a  quick  WDS  count  rate  meter  comparison  was  used. 
The  choice  of  comparison  method  and  attention  to  detail  of  these  inspections  was  also 
influenced  by  knowledge  of  the  expected  phases  generated  from  the  literature,  especially 
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the  binary  phase  diagrams.  This  could  help  predict  and  identify  compositions  generated 
as  a  function  of  the  annealing  parameters  of  the  various  diffusion  multiples.  This 
“identify”  activity  of  analysis  allows  the  locations  of  all  significant  phases  in  the  multiple 
section  to  be  logged  into  the  computer. 

The  “screening”  activity  includes  using  either  EDS,  WDS  or  both  for  semi-quantitative 
and  quantitative  analysis.  Here  we  tried  to  obtain  a  matrix  of  count  rates  from  identified 
phases  for  the  elements  present.  Typically  the  screening  was  performed  in  automated 
mode  and  analysis  was  done  over  a  very  small  sub-set  of  the  actual  analysis  matrix  to 
approximate  the  composition  ranges  to  be  measured.  This  gave  vital  information  to  allow 
selection  of  all  analysis  parameters. 

In  the  “analysis  design”  activity,  the  goal  is  to  optimize  all  the  conditions  for  the 
impending  analyses.  The  primary  electron  beam  energy,  beam  current,  choice  of 
standard,  spectrometer  crystal,  detector  bias  and  pulse  height  discrimination  must  be 
selected  as  results  of  the  abbreviated  “screening”  trials.  It  is  made  certain  the  statistical 
accuracy  required  in  crucial  regions  is  met  and  pre-determined  number  of  composition 
profiles  are  tested  to  “map”  the  multiple  most  efficiently.  Also  important  here  are  X-ray 
counting  times,  dead  time  error,  detection  limits  and  the  accuracy  required.  We  also 
determine  the  “step-size”  (distance  between  points  along  a  profile)  as  a  result  of  the 
screening.  Since  the  acquisitions  are  performed  in  automated  fashion,  we  can  alter 
specific  sections  of  the  acquisition  to  accommodate  needs  of  greater  sensitivity,  varying 
step  size,  counting  time  on  peak  and  background  positions,  etc.  as  a  function  of  the 
composition  ranges  we  have  found. 

The  Monte  Carlo  simulations  such  as  those  shown  in  Fig.  4  provide  us  critical 
information  regarding  necessary  thickness  of  the  intermetallic  compounds  in  the  diffusion 
multiples  and  the  “step  size”  for  EPMA  analysis.  For  instance,  the  X-ray  excitation 
volume  would  be  less  than  1  (im3  for  the  C^Pt  phase  (Fig.  4),  thus  theoretically  the 
thickness  of  this  phase  only  needs  to  be  a  few  microns  to  allow  reliable  analysis  of  its 
composition.  The  thickness  of  the  C^Pt  phase  in  the  precious  metal  diffusion  multiple  is 
only  about  10  Ltm  (Fig.  2),  but  it  is  more  than  enough  to  allow  reliable  EPMA  analysis. 

In  addition,  since  the  thickness  is  small  and  the  interaction  volume  is  also  small,  it  makes 
sense  to  use  1  (im  step  size  for  the  analysis  of  the  Cr-Pt-Ru  region  of  the  diffusion 
multiple. 

The  “acquisition”  activity  includes  intermittent  analyses  of  the  standards  as  a  measure  of 
“drift”  of  beam  current,  stage,  spectrometer  position  and  other  instrument  stability  issues. 
This  can  help  salvage  data  by  restoring  acquired  values  relative  to  known  variation  from 
the  standard.  It  also  helps  identify  long-term  stability  limits. 

Due  to  the  enormous  number  of  data  points  collected  for  a  given  EPMA  acquisition,  our 
ultimate  challenge  is  to  minimize  the  x-ray  counting  times  at  each  data  point.  A  few 
unnecessary  seconds  spent  counting  at  each  data  point  represent  nearly  24  hours  of 
acquisition  time  for  typical  EPMA  runs. 
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We  can  utilize  established  statistical  relationships  to  help  decide  on  the  level  of  accuracy 
necessary  in  measured  intensity  data  commensurate  with  our  needs: 

The  level  of  homogeneity,  in  +/-  weight%  is  described  by 


+1^,,  ±fc[M°o) 

C  nmN  1  ' 

The  analytical  sensitivity  in  weight  percent  and  its  relationship  to  counting  statistics  is 
shown  in 


>1/2, 


A C=C-C> 


(3) 


nm{N-N,) 

Here  “C”  is  the  actual  concentration  in  weight  percent  of  the  sample.  Sc  is  the  standard 
deviation  of  measured  values,  n  is  the  number  of  repetitions,  N  and  NB  are  the  average 
number  of  X-ray  counts  for  the  sample  and  continuum  of  the  sample  respectively,  and 
t'nZf  (known  as  “student  t  value”)  represents  a  confidence  level  of  1-a  for  n-1  degrees  of 
freedom. 


In  EPMA,  the  confidence  level  is  usually  chosen  between  0.95  and  0.99;  that  is,  only 
between  5%  and  1%  of  the  repeated  measurements  of  a  composition  will  be  outside  of 
homogeneity.  It  is  statistically  more  difficult  to  measure  a  given  level  of  homogeneity  as 
C  decreases.  To  do  so,  an  analyst  must  increase  counting  time  per  point. 

Having  some  knowledge  of  the  approximate  levels  of  elemental  concentration  within  a 
phase  and  along  a  gradient  to  be  measured  is  extremely  important  in  making  decisions 
about  the  counting  statistics  and  dwell  times  needed  at  each  measurement  for  all  elements 
and  for  both  peak  and  background  X-ray  integrations.  Having  a  priori  knowledge  also 
allows  us  to  make  predictions  using  the  above  equations  to  better  reduce  the  total  number 
of  steps  along  a  composition  gradient  to  avoid  acquiring  data  below  AC,  thus  reducing 
acquisition  time  and  increasing  efficiency. 

Another  important  consideration  is  the  amount  of  time  spent  measuring  the  background 
signal,  and  whether  to  measure  it  at  all.  It  is  common  practice  in  EPMA  to  select  only  a 
“baseline”  measurement  for  background  counts  associated  with  a  given  characteristic  X- 
ray  peak.  In  many  cases  this  is  acceptable,  but  as  peak  counts  approach  background 
counts,  it  becomes  imperative  to  measure  the  background  accurately  in  order  to  obtain  the 
composition.  In  multi-element  systems,  background  measurements  must  be  taken  on  both 
sides  of  a  measured  peak  if  there  are  interference  peaks  from  the  presence  of  elements 
which  are  variable  in  magnitude,  or  if  the  compositional  variations  present  differences  in 
effective  absorption  of  the  measured  element. 

In  order  to  measure  the  peak  and  the  continuum  X-ray  signals  efficiently  and  minimize 
counting  statistical  uncertainties,  we  can  try  to  appropriate  the  time  spent  according  to  the 
optimization  equation  below,  which  shows  the  ratio  of  time  (T)  spent  on  the  X-ray  peak 
(p)  relative  to  background  (b)  equal  to  the  square  root  of  ratios  of  their  respective  count 
rates: 
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Of  course,  every  multiple-element  system  offers  unique  challenges  for  characterization. 
One  example  outlined  in  detail  in  this  chapter  is  the  Ru-Pd-Rh-Pt-Cr  diffusion  multiple. 
The  La  X-rays  for  periodic  table  “neighbors”  Pd,  Rh  and  Ru  presented  serious  overlap 
issues.  Using  the  PET  crystal,  a  nearly  direct  peak  overlap  exists  for  the  first-order  PdLal 
with  first-order  RuL(32,  and  first-order  RhL(31.  Subsequent  overlaps  of  second-order 
CrKal  and  RuL  pi  with  first-order  RhLal.  In  addition,  a  number  of  problem  overlap 
peaks  interfered  with  regions  “off-peak”,  normally  used  to  measure  and  fit  background 
intensities. 

In  these  severe  conditions  of  overlapping  peaks,  we  use  interpolations  from  the  standards 
in  which  we  measure  artifacts  from  overlapped  peaks  and  extrapolate  to  the  unknowns 
(specimens).  This  can  introduce  greater  error  into  the  analysis,  due  to  non-linearity  of  the 
model,  dead-time  errors,  absorption  edges  causing  non-linear  background  effects  and 
others. 

There  are  other  approaches  to  de-convoluting  overlapped  peaks,  such  as  the  use  of 
principle  component  analysis,  which  may  generate  better  results  for  specific  X-ray 
overlap  cases.  Other  areas  for  possible  improvement  include  X-ray  collection  using 
hybrid  EDSAVDS  methods.  EDS  can  bring  much  higher  X-ray  collection  efficiencies  due 
to  geometric  advantage  over  WDS,  and  might  be  applied  for  simultaneous  analysis  of 
major  elements  or  where  the  degree  of  accuracy  required  is  less  of  a  concern. 


3.2  EBSD 

Electron  backscatter  diffraction  (EBSD)  and  backscatter  electron  (BSE)  imaging  add 
crystallographic  and  compositional  information  to  the  quantitative  compositional 
information  obtained  by  electron  microprobe.  Backscattered  electrons  are  high  energy 
(10-40  keV)  electrons,  which  interact  with  the  top  layer  (<0.5  p.m)  of  the  sample  through 
high  angle,  virtually  elastic  scattering  events.  EBSD  uses  the  diffraction  of  these  high 
energy  electrons  to  identify  the  crystalline  phase  and  its  three-dimensional  orientation  at  a 
given  point  on  the  surface.  Backscatter  imaging  provides  semi-quantitative 
compositional  information  due  to  the  dependence  of  the  BSE  scattering  cross  section  on 
the  average  atomic  number  of  the  sample  at  a  given  point.  A  great  deal  of  work  has  been 
done  in  this  field  and  good  reviews  can  be  found  in  texts  by  Randle  [9],  Schwartz  et  al. 
[10],  and  Goldstein  et  al.  [11], 

EBSD  is  performed  by  collecting  diffracted  BSE’s  from  the  surface  of  a  tilted  SEM 
sample  (Fig.  7).  The  sample  is  tilted  to  maximize  the  collection  of  diffracted  BSE’s.  The 
diffracted  BSE’s  strike  a  phosphor  screen,  generating  light.  This  light  is  normally 
captured  by  either  a  CCD  camera  or  by  a  silicon  intensified  target  (SIT)  camera.  The 
output  of  this  detector  is  then  run  through  a  digital  signal  processor  and  into  computer- 


based  acquisition  software.  The  collected  EBSD  pattern  resembles  the  Kikuchi  electron 
diffraction  patterns  observed  in  TEM.  The  bands  of  intensity  in  the  EBSD  pattern  are 
actually  the  intersection  of  diffraction  cones  with  the  phosphor  screen.  Each  band 
corresponds  to  one  type  of  {hkl }  crystallographic  planar  spacing.  Most  automated  EBSD 
analysis  packages  use  the  Hough  transformation  to  detect  the  diffracted  {hkl}  bands.  The 
angles  between  detected  bands  and  their  widths  are  compared  to  lists  of  calculated 
reflections  for  crystals  input  by  the  user.  A  solution  criterion  is  used  to  identify  the  best- 
fit  between  the  experimental  EBSD  pattern  and  a  given  crystalline  phase  at  a  specific 
three-dimensional  orientation.  The  final  output  of  this  calculation  is  the  crystalline  phase 
and  a  set  of  three  Euler  angles  describing  its  orientation  (Fig.  7(b)). 

Both  EBSD  and  BSE  imaging  are  currently  available  as  commercial  techniques.  Most 
commercial  SEM’s  come  equipped  with  some  sort  of  BSE  detector.  An  EBSD  system  is 
comprised  of  a  special  detector,  acquisition  hardware  and  software,  and  analysis  software 
and  is  available  from  a  number  of  commercial  vendors.  The  EBSD  camera  fits  onto  most 
standard  SEM’s.  Commercial  software  can  automatically  index  EBSD  patterns  of  any 
crystal  system  at  a  rate  of  greater  than  20  patterns  per  second  at  the  fastest,  although  10 
patterns  per  second  is  more  reasonable  for  a  total  experimental  cycle  time  when  scanning 
the  beam.  The  measurements  described  in  this  section  were  performed  on  a  CamScan 
CS44  SEM  with  a  tungsten  filament  at  a  beam  energy  of  20  keV.  The  HKL  Channel  5 
EBSD  acquisition  and  analysis  system  was  used  for  collecting  the  EBSD  data.  This 
particular  system  used  a  Hammamatsu  silicon  intensified  target  (SIT)  camera  for  the 
detector. 

Standard  metallographic  mounts  can  be  used  for  EBSD  samples  with  a  few 
qualifications.  Most  metallographic  procedures  finish  polishing  with  a  1  |xm  diamond 
medium.  This  finishing  step  leaves  a  damage  layer  on  the  surface  on  the  order  of  0.5-1 
(im,  particularly  for  metallic  samples.  This  level  of  surface  damage  can  severely  degrade 
the  quality  of  EBSD  patterns  due  to  the  shallow  depths  (-100  nm)  of  beam  interaction. 

To  relieve  this  surface  damage,  vibratory  polishing  with  a  0.05  Jim  silica  suspension  for 
many  hours  (usually  more  than  12)  is  suggested.  Mounting  of  samples  in  a  conductive 
medium  is  also  beneficial,  when  possible.  The  use  of  standard  mounting  epoxies  will 
cause  sample  charging,  which  will  stigmate  the  optics  of  the  SEM  and  cause  sample  drift, 
particularly  at  the  70°  tilt  used  in  EBSD  experiments.  Removing  metallic  samples  from 
the  mounting  material  or  using  conductive  epoxies  will  help  to  alleviate  sample  charging. 
For  insulating  samples,  such  as  ceramics,  carbon  coating  may  be  necessary  to  alleviate 
charging  even  with  a  conductive  mount. 

The  spatial  resolution  of  EBSD  is  well  suited  to  the  compositional  libraries  created  by 
diffusion  multiples  and  is  somewhat  better  than  electron  microprobe.  The  physics 
governing  the  spatial  resolution  of  EBSD  are  quite  similar  to  that  of  electron  microprobe 
because  both  techniques  are  performed  with  focused  electron  beams.  The  principal 
difference  between  the  two  techniques  is  the  signal  collected.  Diffracted  BSE’s  emanate 
from  a  sub-micron  volume  around  the  probe’s  intersection  with  the  sample.  A  minimum 
theoretical  probe  size  of  -50  nm  in  the  X  direction  and  -150  nm  in  Y  direction  (sample  is 
tilted  70°  about  the  X  direction)  has  been  suggested  for  tungsten  filament  instruments 
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[12].  These  estimates  will  vary  strongly  as  a  function  of  beam  energy  (larger  energy 
gives  a  larger  interaction  volume)  and  as  a  function  of  sample  atomic  number  (heavier 
elements  have  greater  electron  stopping  power  and  consequently  a  smaller  interaction 
volume).  We  have  observed  a  practical  resolution  limit  of  250-500nm  for  standard 
metallurgical  alloys. 

The  automation  of  EBSD  is  driven  by  the  automated  collection  and  analysis  procedure 
and  by  the  automation  of  the  sample  stage.  The  automation  of  pattern  collection  and 
analysis  is  the  key  point  in  the  commercialization  of  the  technique.  As  mentioned  above, 
automated  analysis  routines  are  available  from  a  number  of  vendors,  which  allow  for 
rapid  discrimination  between  a  number  of  input  phases  (greater  than  20  patterns  per 
second).  The  automation  of  the  sample  stage  is  also  important  for  rapid  EBSD 
measurements.  Most  SEM’s  can  collect  grid  patterns  on  the  samples  surface  by 
deflecting  the  beam  with  the  scan  raster  coils.  Beam  scanning  can  be  done  very  rapidly 
with  extremely  fine  step  sizes  (<0.1  pm).  However,  beam  scanning  cannot  be  done  over 
large  areas  (>400  pm)  without  distorting  the  diffraction  geometry.  SEM’s  with 
motorized  stages  are  increasingly  the  norm.  A  standard  motorized  stage  has  a  positional 
precision  of  0.5-1  pm  and  can  move  over  a  range  of  several  centimeters.  Using  a 
motorized  stage  allows  the  point  of  interest  to  always  be  in  the  appropriate  position  for 
imaging  and  diffraction,  but  is  much  slower  than  beam  scanning  (300  ms  per  point),  more 
expensive,  and  can  suffer  from  mechanical  hysteresis  in  the  stage. 

Microcrystallography  is  the  primary  use  of  EBSD.  From  a  phase  diagram  mapping 
standpoint,  EBSD’s  importance  lies  in  its  ability  to  detect  phase  boundaries  and  identify 
phases,  and  is  critical  to  efficient  experimental  planning  in  the  “identify”  and  “screening” 
activities.  If  a  list  of  expected  phases  in  the  sample  can  be  generated,  then  EBSD  can  be 
used  to  rapidly  detect  the  spatial  positions  of  the  phase  boundaries  on  the  diffusion 
multiple.  The  spatial  positions  of  these  phase  boundaries  can  be  directly  related  to  the 
quantitative  compositions  measured  by  electron  microprobe,  resulting  in  phase  boundary 
positions  on  the  phase  diagram.  BSE  imaging  can  also  be  helpful  in  determining  the 
position  of  phase  boundaries  on  the  sample.  In  addition  to  phase  boundary  detection, 
EBSD  could  be  used  to  sample  microtexture  in  samples  with  gradients  in  crystallographic 
texture  or  even  gradients  in  plastic  strain. 

Another  important  use  of  EBSD  is  phase  identification.  Complete  structure 
determination  (point  symmetry,  point  group,  space  group)  for  a  crystallographic  unknown 
is  difficult  for  EBSD  and  requires  detailed  and  relatively  slow  analysis  of  individual 
EBSD  patterns  [13].  The  determination  of  lattice  parameters  with  automated  EBSD  is 
quite  limited  but  is  an  active  area  of  research  using  individually  analyzed  EBSD  patterns 
[14],  Phase  matching  is  a  much  more  rapid  and  readily  available  form  of  phase 
identification  in  EBSD.  Phase  matching  describes  the  process  of  comparing  an 
experimental  EBSD  pattern  from  an  unknown  phase  with  a  list  of  possible 
crystallographic  phases  from  either  the  literature  or  a  crystallographic  database. 
Commercial  vendors  now  provide  an  automatic  search  procedure  with  standard 
crystallographic  databases.  The  use  of  compositional  information  from  either  EDS 
(qualitative)  or  WDS  (quantitative)  is  extremely  valuable  to  phase  identification  or 
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matching.  Even  a  qualitative  picture  of  the  elements  present  in  a  given  phase  can  reduce 
the  number  of  possible  phases  significantly.  BSE  imaging  is  also  helpful  in  identifying 
the  phases  in  question  due  to  its  sensitivity  to  changes  in  composition.  These  procedures 
are  not  completely  automated  but  can  be  performed  on  the  order  of  minutes  by  a  trained 
operator. 

As  an  example  of  the  utility  of  EBSD  in  the  diffusion  multiple  approach,  we  will  examine 
the  Cr-Pt-Ru  intersection.  A  BSE  image  of  this  region  clearly  shows  five  different 
phases  as  well  as  a  region  of  diffusion  of  Ru  and  Pt  into  Cr  (Fig.  2).  Indexing  of 
individual  EBSD  patterns  taken  from  these  regions  identifies  the  phases  as  Cr  (bcc),  Pt 
(fee),  Ru  (hep),  Cr3Pt  (A15),  and  CrRu  (a  phase)  (Fig.  8).  An  EBSD  phase  map  of  this 
same  area  locates  the  positions  of  the  phase  boundaries  (especially  the  A 15  /  a  phase 
boundary)  which  are  used  for  intelligent  placement  of  EPMA  scan  locations. 

In  brief,  EBSD  and  BSE  imaging  are  characterization  tools  capable  of  adding 
crystallographic  and  compositional  information  to  the  mapping  of  diffusion  multiples. 

For  diffusion  multiple  studies,  these  techniques  provide  the  position  of  phase  boundaries 
for  comparison  with  microprobe  compositional  data  and  assist  in  the  identification  of 
phases. 


3.3.  Example  Analysis  of  the  Precious  Metal  Diffusion  Multiple 

The  novel  diffusion  multiple  approach  has  challenged  the  field  of  quantitative 
microanalysis  to  provide  higher  levels  of  efficiency,  throughput  and  mechanical  and 
electron  beam  stability  while  maintaining  a  high  level  of  accuracy.  Here  we  present  the 
details  of  such  a  study. 

The  interdiffusion  of  elements  at  the  tri-junction  regions  of  the  diffusion  multiple  allows 
the  formation  of  all  the  intermetallic  compounds  and  the  generation  of  composition 
variations  for  all  the  single-phase  regions.  Detailed  explanation  of  this  can  be  found 
elsewhere  [1,2].  An  example  of  the  analysis  procedure  for  EPMA  mapping  of  the  Cr-Pt- 
Ru  ternary  system  (tri-junction)  is  provided  here  (Figs.  2  and  8).  The  interdiffusion  of  Cr 
and  Pt  formed  the  A15  phase,  and  that  of  Cr  and  Ru  formed  the  a  phase.  Close  to  the  tri¬ 
junction  region,  ternary  interdiffusion  took  place.  In  order  to  determine  the  tie-line 
compositions  of  the  ternary  system,  EPMA  analysis  was  performed  using  automatic 
stepping  along  the  lines  shown  in  Fig.  8.  These  lines  were  chosen  to:  1)  cover  all  the 
composition  regions,  2)  provide  enough  tie-line  and  tie-triangle  data  to  construct  the 
phase  diagram,  3)  produce  more  data  in  regions  near  the  three-phase  triangles 
(intersections)  and  less  data  elsewhere,  4)  reduce  the  number  of  EPMA  points  for  the 
reduction  of  cost  and  data-collection  time.  Longer  scans  were  made  to  collect  diffusion 
profiles  for  the  three  binary  systems  for  diffusivity  evaluation.  Since  the  intermetallic 
compounds  were  very  thin  (<  10  pm),  2  pm  steps  were  used  in  most  EPMA  scans  shown 
in  Fig.  8.  This  decision  was  based  on  the  very  small  electron  beam  -  sample  interaction 
volume,  thus  very  small  X-ray  excitation  volume  (<1  pm),  for  this  particular  ternary 
system  (Fig.  4).  The  2  pm  steps  made  it  possible  that  we  were  not  over-sampling  the 
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region  (not  producing  many  unnecessary  points  while  still  producing  enough  data  points 
in  the  thin  intermetallic  phases  to  allow  the  extrapolation  to  the  interfaces  to  obtain 
reliable  tie-line  data.  The  entire  Cr-Pt-Ru  system  was  mapped  with  558  EPMA  points 
which  were  done  in  about  9  hours. 

An  example  scan  is  shown  in  Fig.  9(a)  showing  a  40  pm  scan  from  bcc(Cr)  to  A15  to 
fcc(Cr,Pt)  phases.  Six  data  points  were  collected  in  the  thin  A15  phase,  which  were 
enough  to  make  reliable  extrapolation  to  the  interface  to  obtain  the  tie-line  data.  There 
was  a  data  point  (at  the  24  pm  location)  at  the  very  interface  of  the  A1 5  -  fcc(Cr,Pt) 
interface.  Since  it  has  sampled  both  phases,  its  composition  was  in  the  middle  of  the  two- 
phase  region.  All  the  tie-line  information  obtained  from  the  Cr-Pt-Ru  tri-junction  was 
collected  in  Fig.  9(b)  to  construct  the  phase  diagram.  The  tie-lines  from  Fig.  9(a)  are 
highlighted  in  Fig.  9(b). 

The  local  equilibrium  at  the  phase  interfaces  was  the  basis  for  using  diffusion  multiples  to 
map  phase  diagrams.  The  existence  of  such  local  equilibrium  and  its  reliability  in 
establishing  equilibrium  tie-line  information  has  been  demonstrated  for  many  years  in 
diffusion  couples. 

By  performing  EPMA  and  EBSD  analysis  of  all  the  tri-junction  regions  in  the  diffusion 
multiple,  we  were  able  to  map  isothermal  section  phase  diagrams  of  10  ternary  systems, 
as  shown  in  Fig.  10.  The  efficiency  gain  is  tremendous  -  it  would  probably  take 
approximately  a  thousand  individual  alloys  to  map  these  phase  diagrams  that  we  obtained 
from  a  single  sample. 

As  we  discussed  earlier,  the  key  balance  in  EPMA  analyses  is  to  obtain  enough  reliable 
data  while  reducing  the  total  number  of  points  and  mapping  time.  This  all  relates  back  to 
our  discussion  about  the  counting  time  on  peak  and  background,  counting  statistics, 
stepping  size,  scan  length,  scan  locations,  selection  of  beam  voltage  and  current.  Based 
on  our  experience,  the  two  key  factors  in  achieving  high  efficiency  mapping  are  scan 
locations  and  stepping  size.  The  EBSD  phase  identification  is  extremely  helpful  in 
locating  the  phase  boundaries,  and  thus  facilitates  greatly  our  decision  of  placing  the 
scans  at  the  proper  locations  (Fig.  8)  to  get  the  most  critical  data.  For  instance,  EBSD 
identification  of  the  A15  -  c  phase  boundary  and  the  hep  -  fee  boundary  in  the  Cr-Pt-Ru 
system  help  us  placing  the  line  scan  positions  to  minimize  the  number  of  scans  required 
for  this  system.  The  stepping  size  is  very  critical  since  it  will  reduce  the  analysis  time  to 
half  just  by  increasing  the  step  size  from  1  pm  to  2  pms.  The  stepping  size  decision 
needs  to  be  made  based  on  the  size  of  the  phases  and  the  interaction  volume.  Again  using 
the  Cr-Pt-Ru  system  as  an  example,  both  the  thickness  of  both  the  A15  and  a  phase  was 
around  10  pm  (Fig.  8)  and  the  beam  interaction  volumes  were  less  than  1  pm.  Thus  it  is 
reasonable  to  use  2  pm  steps  in  EPMA  analysis.  On  the  other  hand,  it  is  important  to 
generate  enough  data  points  to  allow  reliable  extrapolation  to  the  local  equilibrium  tie¬ 
line  compositions.  This  has  been  demonstrated  in  Fig.  9(a). 

In  addition  to  mapping  phase  diagrams,  EPMA  analysis  was  also  required  to  evaluate  the 
composition  of  the  nanoindentation  positions  so  that  the  hardness  and  modulus  -  location 
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information  such  as  the  one  shown  in  Fig.  1 1(a)  can  be  converted  to  the  hardness  and 
modulus  -  composition  information  (Fig.  11(b)).  This  is  usually  done  after  the 
nanoindentation  experiment. 

Since  large  amounts  of  EPMA  data  are  generated  during  the  analysis  of  the  diffusion 
multiple,  we  have  developed  automatic  plotting  procedures  based  on  Microsoft  Excel 
Spreadsheet.  During  data  reduction,  we  usually  plot  two  figures  for  each  scan  to  help 
judging  the  tie-line  compositions.  The  first  one  plots  compositions  of  individual  points 
against  location  (distance  in  X-  or  Y-  direction).  This  helps  to  extrapolate  to  the  local 
equilibrium  compositions  at  the  phase  interface  (Fig.  9(a)).  The  second  one  plots  one 
element  (e.g.,  Pt)  against  another  (e.g.,  Ru  in  the  Cr-Pt-Ru  case).  This  plot  basically 
shows  the  “diffusion  path”  of  the  scan  location  in  the  corresponding  phase  diagram 
format.  The  two  plots  define  the  tie-line  compositions.  The  tie-triangles  are  usually 
obtained  by  extrapolating  the  three  two-phase  tie-lines. 

For  each  tie-line,  we  can  only  obtain  one  set  of  data  in  one  polished  cross  section  of  the 
diffusion  multiple.  This  is  different  from  analysis  of  individual  alloy  samples  from  which 
several  repeats  can  be  made  for  a  single  tie-line.  Fortunately,  the  consistency  of  the  tie¬ 
line  trends  in  the  diffusion  multiple  results  (e.g.  Fig.  9(b))  give  us  as  much  confidence  as 
that  from  repeated  results  from  individual  alloys. 

The  massive  increase  in  efficiency  and  reduction  in  analysis  time  of  diffusion  multiples 
as  compared  to  individual  alloys  is  not  just  a  mere  reduction  of  the  number  of  samples.  It 
takes  a  long  time  for  the  EPMA  to  reach  a  good  vacuum  (-  10‘6  torr)  and  for  the  electron 
beam  to  stabilize.  In  the  case  of  individual  alloys,  the  time  to  wait  for  vacuum  and  beam 
stabilization  is  a  significant  part  of  the  analysis  time  -  whereas  in  the  diffusion-multiple 
case,  it  is  negligible. 


4.  Physical  and  Mechanical  Behavior 

The  mapping  of  phase  chemistry  and  behavior  is  the  critical  step  for  the  alloy  designer. 
Here  we  describe  measurement  techniques  and  the  application  of  these  techniques  to 
complex  phase  systems.  The  mechanical  behavior,  represented  by  hardness,  instructs  us 
regarding  solid  solution  effects,  while  the  physical  behavior,  represented  by  elastic 
modulus,  instructs  us  regarding  atomic  interactions  and  bonding. 

4.1  Nanoindentation 

Nanoindentation  provides  the  connection  between  the  compositional  and  crystallographic 
information  discussed  above  and  the  mechanical  properties  that  are  of  ultimate  interest  in 
structural  alloy  development.  In  fact,  it  is  the  ability  to  obtain  mechanical  property 
information  at  the  same  length  scale  and  locations  as  the  microstructural  information  that 
transforms  the  diffusion  multiple  into  a  high  throughput  approach  for  alloy  development. 
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Nanoindentation,  or  instrumented  indentation,  is  a  fairly  general  technique  for  measuring 
the  mechanical  properties  of  solid  materials  at  small  length  scales.  Instrumented 
indentation  at  a  basic  level  consists  of  inserting  a  shaft  with  a  diamond  tip  into  the  surface 
of  a  sample  and  then  withdrawing  the  tip.  During  this  process,  the  load  and  the 
displacement  of  the  shaft  are  continuously  measured.  The  result  is  a  load-displacement 
curve  associated  with  an  indentation  ranging  from  20  nm  to  100  pm  in  depth  and  100  nm 
to  700  pm  in  width,  depending  upon  the  load  and  the  material  (Fig.  12). 

From  the  load-displacement  curves,  a  number  of  important  mechanical  properties  can  be 
calculated.  Most  indenters  use  sharp  tips  with  geometries  that  are  self-similar  (Vickers 
and  Berkovich).  Hardness,  elastic  modulus,  and  work  of  indentation  can  all  be  readily 
calculated  from  the  load  displacement  curve.  Good  reviews  of  the  calculation  of  these 
mechanical  properties  can  be  found  in  Pharr  [15,16]  and  Cheng  and  Cheng  [17].  The 
self-similar  nature  of  these  tips  prevents  the  direct  measurement  of  yield  strength  from 
the  indentation  measurement  using  standard  analysis  techniques.  The  measurement  of 
indentation  yield  strength  is  a  topic  of  active  research  using  both  spherical  indenters  and 
advanced  analysis  techniques  [18,19]. 

The  spatial  resolution  of  nanoindentation  in  the  X-Y  plane  is  dictated  completely  by  the 
depth  of  indentation  (Z-direction).  Traditionally,  nanoindentation  has  been  focused  on 
the  depth  or  spatial  resolution  in  the  Z  (or  sample  thickness)  direction.  For  work  on 
coatings  and  thin  films,  the  position  on  the  X-Y  plane  was  typically  of  less  importance. 
For  characterizing  compositional  libraries,  however,  the  X-Y  plane  and  Z  direction 
resolution  are  equally  important.  For  a  Berkovich  indentation  of  1  pm  in  width  in  the  X- 
Y  plane,  the  depth  of  the  indent  is  approximately  140  nm,  which  is  certainly  measurable 
by  nanoindentation  but  is  noisier  than  an  indent,  which  is  500  nm  or  1  pm  deep.  In 
general,  as  the  indentation  depth  increases,  the  quality  of  the  data  increases  because  of 
decreasing  sensitivity  to  surface  roughness,  geometric  aberrations  of  the  indenter  tip,  and 
noise  in  the  displacement  measurement.  However,  a  deeper  indent  increases  the  lateral 
size  of  the  indentation  rapidly  (approximate  seven  to  one  width  to  depth  ratio). 

Indentation  experimental  practice  suggests  that  indentations  be  spaced  at  a  minimum  of 
twice  the  width  of  the  indentation  in  order  to  negate  overlapping  stress  fields  associated 
with  each  indent  [20].  For  the  measurements  on  the  Pd-Pt-Rh-Ru-Cr  diffusion  multiple, 
a  spacing  of  10  pm  between  indentations  was  used  with  indentation  depths  of  up  to  225 
nm. 


Nanoindentation  is  now  a  commercial,  highly  automated  technique.  Standard 
instruments  have  sample  stages  with  automated  motion  in  the  X,  Y,  and  Z  directions. 
These  stages  have  an  accuracy  and  precision  of  around  0.5-1  pm.  Automated  imaging 
using  optical  or  topographic  signals  is  also  available,  depending  upon  the  manufacturer. 
The  registry  between  the  optic  axis  and  the  indentation  axis  is  approximately  1  pm.  The 
automation  of  the  indentation  experiment  is  somewhat  complicated  by  concerns  over 
mechanical  drift  and  thermal  drift.  Mechanical  drift  can  be  of  concern  both  in  actual 
placement  of  the  indentation  (hysteresis  of  motors)  and  in  vibrational  noise  during  the 
indentation  experiment  (affecting  the  accuracy  of  the  displacement  measurement).  Both 
of  these  sources  of  mechanical  drift  are  largely  accounted  for  in  commercial  instruments. 
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Thermal  drift  is  caused  by  temperature  fluctuations  inside  the  indentation  chamber  during 
a  single  indentation  experiment.  Thermal  drift  between  indentations  is  less  of  a  concern 
because  the  load-displacement  curve  for  each  indent  is  analyzed  separately.  Most 
commercial  systems  use  enclosures  to  reduce  both  mechanical  and  thermal  drift  and  use 
back  correction  algorithms  to  account  for  thermal  drift.  Analysis  of  the  indentation 
curves  can  be  performed  by  an  automated  batch  analysis. 


Measurable  quantities  on  the  load  displacement  (P-h)  curve,  such  as  hmax,  hfinai,  Pmax,  and 


,  can  be  related  to  useful  mechanical  quantities  such  as  the  stiffness,  hardness, 


and  reduced  modulus  of  the  material  (Fig.  13)  [16,21].  The  elastic  modulus  is  calculated 
from  the  initial  slope  of  the  unloading  curve.  The  loading  portion  of  the  indentation 
curve,  or  P-h  curve,  contains  both  elastic  and  plastic  information  while  the  initial  portion 
of  the  unloading  curve  contains  elastic  information  only.  The  unloading  portion  of  the  P- 
h  curve  is  fit  to  the  following  power  law  relation 


p=B(h-hfinalr 
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The  stiffness,  S,  is  taken  to  be  the  initial  derivative  of  the  unloading  curve. 


.  The 


contact  depth,  he,  is  then  calculated  by 


hC=h max  -°‘75- 
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The  hardness  is  given  by 


A(hc) 
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where  Pmax  is  the  maximum  applied  load,  A(hc)  is  the  projected  contact  area  of  the 
indenter  at  the  contact  depth.  The  area  function,  A(h),  is  calculated  from  a  polynomial  fit 
to  a  calibration  curve  on  an  isotropic  material  of  well-established  modulus  and  hardness, 
such  as  a  fused  silica  or  a  single  crystal  A1  standard  [16].  The  reduced  modulus,  Er,  is 
given  by 

Er  =  i== — S  8 

2  jA(hc) 


and  can  be  related  to  the  actual  modulus  of  the  material  by 


1  —  v 


2  V1 


J 
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where  v  for  the  material  is  the  Poisson’s  ratio,  v0  is  the  Poisson’s  ratio  for  the  diamond 
indenter  (0.07),  and  E0  is  the  modulus  for  the  diamond  indenter  (1 141  GPa)  [16]. 
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Another  quantity  for  characterizing  the  plasticity  of  a  material  is  the  calculation  of  the 
irreversible  work  of  indentation,  which  is  the  area  inside  the  indentation  curves  (Equation 
6)  [17]. 

fynax 
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The  first  term  in  this  expression  calculates  both  elastic  and  plastic  work  of  indentation, 
while  the  second  term  calculates  only  the  elastic  work  upon  unloading.  This  quantity  is 
often  expressed  as  the  plasticity  index,  P;,  which  is  given  by 

W  -W 

p  _  total  elastic  j  | 

'  ~  w 

VV  total 

From  this,  it  is  expected  that  materials  which  exhibit  limited  plastic  deformation  with  a 
large  elastic  recovery  should  have  a  plasticity  index  approaching  zero,  while  materials 
which  exhibit  large  plasticity  will  have  a  plasticity  index  approaching  one. 


4.2  Example  of  Analysis  of  Mapping  Behavior  With  Chemistry 

As  an  example  of  these  methods  on  diffusion  multiples,  we  will  again  consider  the 
precious  metal  diffusion  multiple.  All  of  these  measurements  were  performed  on  the 
Hysitron  Triboindenter  system  using  a  Berkovich  diamond  indenter  tip.  Optical 
microscopy  was  used  to  position  the  sample  at  the  Pd-Pt-Rh  ternary  intersection  (The  Pd- 
Pt-Rh  system  has  completely  mutual  solubility  during  high  temperature  heat  treatment, 
thus  it  formed  a  complete  fee  solid  solution  for  the  entire  ternary  system  compositions). 

A  grid  of  10  by  10  indentations  with  10  |xm  spacing  was  made  using  a  maximum  load  of 
2500  (iN  (Fig.  14).  Indentation  line  scans  were  also  made  across  the  binary  interfaces 
under  the  same  conditions.  Multiple  line  scans  were  made  across  the  Pt-Rh  interface  to 
investigate  the  reproducibility  of  the  data.  The  Oliver-Pharr  equations  [16]  were  used  to 
calculate  the  elastic  modulus  and  hardness  at  each  indentation  point. 

A  clear  transition  in  both  elastic  modulus  and  hardness  can  be  seen  for  the  line  scans 
across  the  Pt-Rh  interface  (Fig.  15(a)).  The  reproducibility  between  the  three  lines  scans 
was  quite  high.  Electron  microprobe  was  performed  along  these  same  lines  allowing  the 
replacement  of  the  spatial  position  with  a  compositional  axis  (Fig.  15(b)).  This  result 
demonstrates  the  importance  of  spatial  registry  between  techniques  (nanoindentation  and 
electron  microprobe)  and  the  efficiency  of  the  diffusion  multiple  approach  for  alloy 
development  (in  contrast  to  creating  several  binary  alloy  compositions  for  modulus 
measurement). 

The  elastic  modulus  data  from  the  ternary  section  also  shows  expected  trends  as  a 
function  of  position  and  composition.  A  dramatic  increase  in  modulus  is  observed  in  the 
upper  right  hand  portion  of  the  grid,  corresponding  to  increased  Rh  content  (Fig.  1 1(a)). 
The  moduli  of  Pd  and  Pt  are  similar  and  this  fact  is  demonstrated  by  the  small  measured 
differences  in  modulus  from  top  left  to  bottom  left.  A  much  more  useful  representation 
of  the  mechanical  property  data  comes  from  its  combination  with  the  compositional  data 
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from  electron  microprobe.  The  mechanical  property  information  (100+  modulus 
measurements)  can  be  plotted  as  a  three  dimensional  surface  overlying  the  isothermal 
section  of  the  Pd-Pt-Rh  ternary  phase  diagram  (Fig.  11(b)).  This  representation  serves  as 
an  extremely  efficient  library  for  accessing  the  modulus  or  hardness  at  a  given  (Pd,  Pt, 
Rh)  composition. 


5.  Concluding  Remarks 

From  a  single  diffusion  multiple  assembly,  ten  ternary  isothermal  phase  diagrams  have 
been  determined  in  on  the  order  of  100  hours  of  microprobe  measurements,  an  extremely 
efficient  generation  of  ternary  equilibria.  With  a  similar  investment  of  time,  information 
on  hardness  and  modulus  across  this  very  extensive  chemistry  space  can  be  mapped.  For 
the  alloy  designer,  this  highly  efficient  diffusion  multiple  approach  can  have  a 
tremendous  impact  on  the  time  required  to  define  the  most  favored  chemistry  space. 

This  mapping  of  phase  diagrams,  resulting  in  material  properties-  composition 
relationships,  is  about  one  thousand  times  more  efficient  than  using  individual  alloys. 
With  such  a  high  efficiency,  many  critical  materials  data  which  otherwise  would  be  too 
time-consuming  and  expensive  to  acquire  can  be  obtained  and  employed  to  accelerate  our 
understanding  of  the  materials  physics  and  chemistry.  This  chapter  explains  the  approach, 
the  mapping  techniques  and  examples.  Readers  are  encouraged  to  read  an  earlier  paper 
by  the  same  authors  on  the  potential  impact  of  this  diffusion  multiple  approach  for 
accelerated  design  of  structural  materials  [22].  The  authors  hope  this  chapter  provides 
the  details  concerning  the  various  analytical  probes  such  that  researchers  in  other  fields 
may  be  able  to  take  advantage  of  these  probes  for  efficient  screening  of  high-throughput 
samples. 
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Primary  Electron  Beam 


Fig.  3  Schematic  diagram  showing  the  primary  electron  beam  -  sample  interaction  and 
generation  of  various  signals  from  the  sample. 
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Primary  Electron  Beam 


Fig.  5.  The  “4>(pZ)”  curves.  Near  the  surface  of  the  sample,  X-ray  emission  is  enhanced  by 
scattered  electrons  from  below.  X-ray  intensity  continues  to  increase  with  depth  due  to  scattering 
of  the  incident  electrons  which  increases  the  mean  path  length  per  unit  depth.  As  electron  paths 
become  random,  the  X-ray  intensity  per  unit  depth  begins  to  decrease  due  to  electron  scattering 
and  energy  loss. 
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Fig.  6.  Schematic  diagram  of  the  Cameca  SX50  electron  microprobe  (Courtesy  Cameca  Inc.,  France). 
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Fig.  7.  A.EBSD  technique  for  crystal  structure  identification:  (a)  Schematic  of  EBSD 
equipment  and  experiment;  (b)  EBSD  pattern  of  Pt  (fee)  and  its  indexed  solution  (1°  mean 
angular  deviation). 


Fig.  8.  EBSD  identification  of  phases  in  the  Cr-Pt-Ru  ternary  system  in  the  diffusion  multiple.  The 
lines  on  the  SEM  backscatter  electron  image  (in  the  middle)  represent  the  locations  of  the  EPMA 
scans. 


PM  DM  1200C  40  hrs  loc  7  sc#5  Cr-Pt-Ru 


Fig.  9.  EPMA  analysis  of  the  Cr-Pt-Ru  ternary  system  with  line  scans  shown  in  Fig.  8.  (a)  a  line 
scan  showing  a  typical  composition  profile  produced  by  EPMA.  (b)  all  the  tie-line  information 
based  on  the  EPMA  scans  for  the  construction  of  the  Cr-Pt-Ru  ternary  phase  diagram.  Filled 
points  represent  tie-lines  determined  in  (a). 
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Fig.10.  Ten  ternary  phase  diagrams  (isothermal  sections  at  1200°C)  obtained  from  the  single  diffusion  multiple  shown  i 
Fig.  1 .  They  are  plotted  in  atomic  percent  axis  with  the  scale  removed  for  simplicity. 
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Fig.  11.  Nanoindentation  grid  from  the  Pd-Pt-Rh  ternary  intersection,  (a)  Elastic  modulus  versus 
position  across  the  Pd-Pt-Rh  intersection,  (b)  Elastic  modulus  mapped  onto  the  Pd-Pt-Rh  ternary 
phase  diagram. 
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Fig.  13.  Load-displacement  curve  taken  from  indentation  in  Pt  and  an  image  of  the  indent. 


Fig.  14.  Optical  image  of  indentation  grid  made  at  the  Pd-Pt-Rh  ternary  intersection 


Fig.  15.  Nanoindentation  line  scans  across  the  Pt-Rh  interface,  (a)  Elastic  modulus  versus 
position  across  the  Pt-Rh  interface,  (b)  Elastic  modulus  as  a  function  of  Rh  content. 


Mapping  of  the  Nb-Cr-Si  Phase  Diagram  Using  Diffusion  Multiples 


J.-C.  Zhao,  M.R.  Jackson,  and  L.A.  Peluso 


To  be  submitted  for  publication,  2003 


Mapping  of  the  Nb-Cr-Si  Phase  Diagram  Using  Diffusion  Multiples 


J.-C.  Zhao,  M.R.  Jackson,  and  L.A.  Peluso 
General  Electric  Company 

GE  Global  Research  Center,  P.O.  Box  8,  Schenectady,  NY  12301,  USA 


ABSTRACT 

A  high -efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Nb-Cr-Si  ternary  system  which  is  critical  for  the  design  of  niobium  silicide-based  in-situ 
composites.  These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet 
engine  applications.  The  formation  of  the  Nb(Cr,Si)2  Laves  phase  is  essential  for  the  high 
oxidation  resistance  of  the  composites  and  the  Nb-Cr-Si  system  serves  as  the  base  for 
understanding  the  Laves  phase  formation.  The  Nb-Cr-Si  ternary  system  which  contains  14 
phases  also  serves  as  an  excellent  model  system  to  test  the  applicability  of  the  diffusion-multiple 
approach  to  such  complex  systems.  The  results  clearly  demonstrate  the  high  efficiency  of  the 
diffusion-multiple  approach  in  mapping  complex  phase  diagrams.  Two  isothermal  sections  at 
1000  and  1150  °C  were  constructed  from  the  results  obtained  from  diffusion  multiples  using 
scanning  electron  microscopy  (SEM),  electron  probe  microanalysis  (EPMA),  and  electron 
backscatter  diffraction  (EBSD).  Three  ternary  compounds,  CrNbSi,  (Cr,Nb)6Si5  and  (Cr,Nb)nSig, 
were  observed  at  both  temperatures,  and  the  C14-Laves  phase  of  the  Cr-Nb  binary  system  was 
stabilized  by  Si  to  lower  temperatures. 

Keywords :  Nb-Cr-Si,  diffusion  multiple,  Laves  phase,  silicide,  phase  diagram,  composites. 


1.  INTRODUCTION 

Niobium  silicide-based  in-situ  composites  show  great  promise  for  applications  as  the  next 
generation  turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current 
generation  advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent 
creep  strength,  but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2]. 
Alloying  with  Cr  can  significantly  improve  the  oxidation  resistance  by  stabilizing  the  Cr-rich 
Laves  phase  NbCr2.  The  potential  application  of  these  composites  at  very  high  temperatures 
requires  a  balance  of  high  creep  resistance,  high  oxidation  resistance,  and  good  low-temperature 
damage  tolerance  (fracture  toughness).  To  achieve  such  a  property  balance,  elements  such  as  Cr, 
Ti,  Hf  and  A1  are  added  to  the  composites  and  significant  progress  has  been  made  in  improving 
the  properties  of  the  composites.  Some  of  the  alloying  concepts  were  discussed  by  Zhao  et  al. 
[7],  The  advanced  design  of  the  composites  requires  a  fair  understanding  of  the  phase  equilibria 
in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable  definition  of  the  Nb-Hf-Si  system  has  been 
achieved  [8-10],  our  effort  has  been  focused  on  the  ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr- 
Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti-Cr,  and  Nb-Ti-Al.  Other  ternary  systems 
related  to  the  six-element  system  such  as  Nb-Ti-Hf,  Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf, 
and  Cr-Hf-Al  have  either  good  phase  equilibria  data  or  are  less  critical  for  the  design  of  the  Nb 
silicide  composites.  We  will  report  the  results  of  the  Nb-Cr-Si  system  in  the  present  paper  and  the 
results  of  other  systems  will  be  communicated  separately. 
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The  high-efficiency  diffusion-multiple  approach  [11-14]  is  ideally  suited  for  mapping  phase 
diagrams  of  these  ternary  systems.  It  would  take  thousands  of  alloys  to  determine  these  systems 
using  the  traditional  one-alloy-at-a-time  (equilibrated  alloy)  approach.  For  instance,  it  took 
Goldschmidt  and  Brand  [15]  about  220  alloys  to  map  just  the  Nb-Cr-Si  ternary  system  and 
similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [16]  to  determine  the  Ti-Cr-Si 
system.  These  alloys  have  very  high  melting  temperatures  and  are  difficult  to  make  and  to 
homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial  (oxygen,  nitrogen,  carbon, 
etc.)  contamination  during  alloy  casting  and  heat  treatment.  Apart  from  possible  deleterious 
effects,  interstitial  elements  are  well  known  to  stabilize  binary  and  ternary  intermetallic  phases 
that  would  otherwise  not  form.  In  contrast,  the  diffusion-multiple  approach  needs  no  or  only  a 
few  cast  alloys;  the  samples  are  easy  to  make;  and  safe-guarding  against  the  interstitial 
contamination  can  be  very  easily  implemented  as  will  be  discussed  later.  The  general  diffusion- 
multiple  approach  has  been  discussed  in  detail  previously  [11-14]  and  has  been  successfully 
applied  to  many  alloy  systems.  It  would  be  interesting  to  see  its  applicability  in  a  very  complex 
system  such  as  Nb-Cr-Si  with  more  than  10  different  phases. 

For  the  ease  of  understanding  the  complex  phase  equilibria  in  the  Nb-Cr-Si  system,  the 
constitutive  binary  phase  diagrams  of  Cr-Nb  [17],  Cr-Si  [18]  and  Nb-Si  [19]  are  briefly  discussed 
here.  The  crystal  structures  of  the  phases  in  the  binary  and  the  ternary  system  are  listed  in  Table 
1  [20]. 


Table  1.  Crystal  structure  of  phases  in  the  Nb-Cr-Si  ternary  system  [20], 


System 

Conditions 

Pearson 

Symbol 

Space 

Group 

Lattice  Parameters,  nm 

Comments 

a 

b 

c 

. Y . 

Cr 

c/2 

E3S3IB 

0.28847 

Nb 

c/2 

ES03BHI 

0.33067 

Si 

cFS 

ESSSHI 

0.54309 

Cr3Si 

<  1770°C 

cPS 

0.4555 

PCr5Si3 

hP\6 

P63/mcm 

0.6993 

0.4726 

120° 

ctCr5Si3 

< 1505°C 

t!3  8 

I4/mcm 

0.9150 

0.4639 

CrSi 

<  1413°C 

cP8 

P2j3 

CrSi2 

< 1490°C 

hP9 

P6222 

0.4430 

0.6365 

120° 

Nb3Si 

1700~1980°C 

tP32 

P42/n 

1.0224 

iggf%i 

PNb5Si, 

> 1940°C 

t!32 

I4/mcm 

1.0040 

aNb5Si3 

< 1 940°C 

f/32 

I4/mcm 

I2S3BI 

1.1889 

NbSi2 

hP9 

0.661 

120° 

ipapapl^Mi 

WW 

Cr2Nb 

>  ~1600°C 

hP  12 

P63/mmc 

0.4931 

0.8123 

120° 

C14  Laves 

Cr2Nb 

<~1600°C 

cF2A 

H3H 

0.695 

C15  Laves 

CrNbSi 

0.6598 

(Cr,Nb)6Si, 

ol 44 

Ibam 

1.585 

0.753 

(Cr,Nb),,SiR 

oP76 

Pnma 

1.327 

0.4892 

BIKfelili 

The  Cr-Nb  phase  diagram  [17,21]  shows  two  NbCr2-based  Laves  phases  with  the  high- 
temperature  hexagonal  C14  (hP  12)  and  low-temperature  cubic  C15  (cF24)  stmctures.  The 
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transformation  takes  place  at  ~  1585  to  1625  °C.  The  effect  of  Si  on  the  stability  of  the  two  Laves 
phases  can  be  appreciated  by  studying  the  Nb-Cr-Si  system  as  we  have  done  here. 


The  Cr-Si  phase  diagram  was  well  assessed  by  Gokhale,  et  al.  [18]  and  it  has  four 
intermetallic  compounds:  Cr3Si,  Cr5Si3,  CrSi,  and  CrSi2.  The  Cr5Si3  phase  undergoes  a 
polymorphic  transformation  at  1505  °C  with  tetragonal  structure  at  low  temperature.  Although 
the  high-temperature  crystal  structure  of  (3Cr5Si3  has  not  been  determined,  it  was  assumed  to  be 
the  same  crystal  structure  as  Ti5Si3  [22], 

The  Nb-Si  phase  diagram  was  assessed  by  Schlesinger  et  al.  [19].  A  slight  revision  was  made 
[7]  with  the  eutectoid  temperature  being  adjusted  to  ~1700°C  based  on  the  result  reported  by 
Mendiratta  and  Dimiduk  [23]  and  the  L  <H>  bcc(Nb)  +  Nb3Si  eutectic  reaction  being  adjusted  to 
1880°C  and  18.2  at.%Si  to  reflect  the  temperature  and  composition  obtained  by  Bewlay  et  al. 
[24]  on  directionally  solidified  (DS)  Nb-Si  alloys.  The  Nb5Si3  phase  forms  after  the 
decomposition  of  the  Nb3Si  phase  via  an  eutectoid  reaction  Nb3Si  <->  bcc(Nb)  +  Nb5Si3  at 
~1700°C,  or  as  the  primary  solidification  product  in  hypereutectic  alloys.  Two  different 
tetragonal  Nb5Si3  phases  based  on  the  same  crystal  structure  (t/32)  with  different  lattice 
parameters  were  reported.  The  high-temperature  and  low-temperature  phases  are  designated 
pNb5Si3  and  aNb5Si3  respectively. 

The  phase  diagram  information  from  the  literature  for  the  Nb-Cr-Si  system  is  very  limited. 
An  isothermal  section  of  this  system  at  1000  °C  was  reported  by  Goldschmidt  and  Brand  [15]  as 
shown  in  Fig.  1.  There  is  confusion  on  the  phases  and  equilibria  of  this  complex  system  which 
will  be  discussed  in  detail  later. 


p  =  Cl  4  Laves 


Figure  1.  The  1000  °C  isothermal  section  of  the  Nb-Cr-Si  ternary  system  as  reported  by  Goldschmidt  and 
Brand  [15]  based  on  220  alloys.  It  is  very  likely  this  is  not  an  equilibrium  phase  diagram  because  many 
alloys  might  not  have  reached  equilibrium. 
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2.  EXPERIMENTAL  METHOD 


A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  the  Fig.  2(a)  was 
made.  The  inner  and  outer  circle  diameters  were  15.6  and  25.4  mm  respectively  to  guarantee  that 
the  dimensions  of  the  pure  element  pieces  are  much  larger  than  the  diffusion  distance,  thus  there 
will  be  pure  elements  left  after  the  long  term  diffusion  anneal.  High  purity  Nb,  Cr,  Si  and  Ti  were 
machined  into  the  proper  shapes  (quarter  pies  and  round  shells,  Fig.  2(a))  by  electro-discharge 
machining  (EDM).  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by  mechanical 
grinding  to  make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol  and  then 
assembled  into  the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25  mm.  The 
assembled  diffusion  multiples  were  then  loaded  into  cans  made  of  commercial  purity  Ti 
(schematically  shown  in  Fig.  2(b)),  and  subjected  to  hot  isostatic  pressing  (HIP)  1204  °C,  200 
MPa  for  4  hous.  A  25-|i.m  thick  layer  of  Ta  foil  was  placed  between  the  diffusion  multiples  and 
the  HIP  cans  to  isolate  any  interstitial  contaminants  that  may  diffuse  into  the  HEP  can  from  the 
quartz  capsule  during  long  term  annealing.  The  top  and  bottom  caps  of  the  HIP  can  were  electron 
beam  welded.  The  HIP  cans  containing  the  diffusion  multiples  were  then  encapsulated  in 
evacuated  quartz  tubes  backfilled  with  pure  argon.  Since  both  Nb  and  Ti  are  susceptible  to 
oxygen  and  nitrogen  contamination,  it  is  critical  to  keep  the  diffusion  multiples  from  interstitial 
elements.  To  further  absorb  any  oxygen  that  might  diffuse  into  the  quartz  tube,  a  packet  of  pure 
yttrium  was  wrapped  in  Ta  foils  and  was  then  placed  inside  each  quartz  tube.  Thus,  the  diffusion 
multiples  were  protected  from  the  interstitials  (O,  N,  C,  etc.)  by  the  quartz  tube,  the  pure  yttrium 
absorber,  the  Ti  HIP  can,  and  the  Ta  diffusion  barrier.  The  encapsulated  samples  were  then 
annealed  in  argon  at  two  different  temperatures  (1150°C  for  2000  hrs  and  1000  °C  for  4000  hrs). 
Two  identical  diffusion  multiples  were  made  and  each  was  annealed  at  one  temperature.  After 
the  heat  treatment,  the  diffusion  multiples  were  taken  from  the  furnace  and  cooled  down  to 
ambient  temperature  by  breaking  the  quartz  tube  and  quenching  the  diffusion  multiples  into 
water.  The  diffusion  multiples  were  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM, 
ground  and  polished. 


Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Nb-Cr-Si  ternary  phase  diagrams:  (a)  cross- 
sectional  view;  and  (b)  perspective  view.  See  text  for  the  size  of  the  sample. 
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The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle.  Electron  backscatter  diffraction  (EBSD)  analysis  was 
performed  to  obtain  crystal  structure  information  of  the  phases  formed  in  the  diffusion  multiple. 
Phase  identification  was  accomplished  by  a  direct  match  of  the  diffraction  bands  in  the 
experimental  backscatter  pattern  with  simulated  patterns  generated  using  known  structure  types 
and  lattice  parameters.  A  detailed  discussion  on  this  powerful  EBSD  technique  can  be  found  in 
Schwartz  etal.  [25]. 


3.  RESULTS  AND  DISCUSSION 

A  backscatter  electron  image  taken  from  the  Nb-Cr-Si  tri-junction  (schematically  circled  area 
in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1000  °C  for  4000  hours  is  shown  in  Fig.  3. 
During  the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Nb,  Cr  and  Si  took 
place,  and  all  the  equilibrium  phases,  including  the  intermetallic  phases,  formed  by  interdiffusion 
reactions.  By  performing  EPMA  analysis  in  this  tri-junction  area,  an  extremely  large  amount  of 
phase  equilibrium  information  was  obtained.  Based  on  the  compositional  information  from 
EPMA,  EBSD  analysis  was  performed  to  identify  the  crystal  structure  of  the  phases.  Three 
ternary  intermetallic  compounds,  (Cr,Nb)6Si5  (oI44),  (Cr,Nb)nSi8  (oP76),  and  NbCrSi  (hP9)  as 
well  as  stabilization  of  the  Laves  phase  Nb(Cr,Si)2  in  a  C 14  crystal  structure  were  confirmed  from 
both  compositional  data  from  EPMA  and  crystal  structure  identification  from  EBSD.  EBSD  is 
extremely  useful  for  this  system  since  several  phases  have  compositions  very  close  to  one  another 
and  EPMA  data  alone  would  not  be  enough  to  differentiate  them.  For  instance,  the  compositions 
of  the  phases  (Cr,Nb)6Si5  and  (Cr,Nb)uSi8  are  very  similar,  without  EBSD  it  would  require  time- 
consuming  transmission  electron  microscopy  (TEM)  and  electron  diffraction  analysis  to  tell  them 
apart.  Also,  the  ternary  NbCrSi  phase  sits  right  on  the  same  Nb  concentration  as  the  C14  Laves 
phase,  it  would  have  been  very  easy  to  mistakenly  plot  the  C 14  Nb(Cr,Si)2  Laves  phase  region 
(line)  all  the  way  to  the  NbCrSi  composition.  The  EBSD  results  helped  us  correctly  interpret  the 
data.  The  EBSD  patterns  of  (Cr,Nb)6Si5  and  (Cr,Nb)uSi8  are  shown  in  Fig.  4. 

The  1000°C  isothermal  section  constructed,  based  on  both  EPMA  and  EBSD  data,  is  shown 
in  Fig.  5.  We  have  defined  eleven  tie-triangles  (three-phase  equilibria)  and  four  additional  three- 
phase  equilibria  are  estimated.  We  did  not  obtain  these  four  tie-triangles  due  to  cracking  of  brittle 
phases  during  sample  cutting,  grinding  and  polishing.  The  tie-lines  are  defined  from  the  EPMA 
line  profiles  by  taking  advantage  of  the  local  equilibrium  at  interfaces  formed  among  the  phases. 

The  isothermal  section  obtained  from  the  Nb-Cr-Si  tri-junction  region  of  the  diffusion 
multiple  heat  treated  at  1150  °C  for  2000  hours  is  shown  in  Figure  6.  It  can  be  seen  from  Figs.  5 
and  6  that  the  Cr  solubility  in  the  bcc(Nb)  and  Nb5Si3  is  similar  at  1000  and  1150  °C  with  3  and 
10  at.%  Cr,  respectively  (the  solubility  of  Cr  in  the  bcc(Nb)  phase  varies  slightly  with 
temperature).  The  C14-Laves  phase,  which  is  only  stable  at  temperatures  >  -1585°C  in  the  binary 
Cr-Nb  system,  was  stabilized  by  Si  to  lower  temperatures.  Its  stability  range  extends  from  ~6  to 
~26  at.%  Si  and  the  Si  solubility  in  C14-Laves  phase  does  not  change  much  with  temperature 
varying  from  1150  to  1000°C.  The  stable  range  for  (Cr,Nb)6Si5  and  (Cr,Nb)nSi8  increased 
significantly  with  temperature  from  1000  to  1150  °C.  These  two  ternary  compounds  are 
essentially  line  compounds  with  variable  Cr/Nb  ratio  but  stoichiometric  concentration  of  Si.  The 
CrNbSi  ternary  compound  is  a  stoichiometric  compound  with  very  little  variation  of  composition. 
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The  C14  Laves  phase  also  appears  as  a  line  compound  with  variable  Cr/Si  ratio  and  very  little 
variation  in  Nb  concentration. 


(Cr,Nb)6Si5 


r  NbSi2 


/ 


NbsSis 


bcc 


(Cr,Nb)nSi8 


CrNbSi 


50  jim 


Laves 


Figure  3.  Backscatter  electron  SEM  image  of  the  Nb-Cr-Si  tri-junction  area  of  the  diffusion 
multiple  annealed  at  1000°C  for  4000  hrs  showing  the  formation  of  many  different  intermetallic 
compounds,  including  the  three  ternary  compounds,  (Cr,Nb)6Si5  (oI44),  (Cr,Nb)uSig  (oP76),  and 
NbCrSi  (hP9)  as  well  as  stabilization  of  the  C14  Laves  phase  from  the  Cr-Nb  binary  system  to  the 
ternary  system  by  Si. 
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(Cr,Nb)iiSie:  oP76,  Pnma,  space  group  #  62 


Figure  4.  EBSD  patterns  of  the  ternary  compounds  (Cr,Nb)6Si5  (a),  (Cr,Nb)„Si8  (b)  with  the  un¬ 
indexed  pattern  on  the  left  and  the  indexed  pattern  on  the  right. 


It  is  very  likely  that  many  of  the  alloys  used  by  Goldschmidt  and  Brand  had  not  reached 
equilibrium  after  only  336  hours  (2  weeks)  anneal  at  1000°C.  Many  Nb-base  alloys,  such  as  Nb- 
Ti-Si  alloys  studied  by  Bewlay  et  al.  [8,  26]  and  Nb-Hf-Si  alloys  studied  by  Zhao  et  al.  [9] 
possess  very  slow  kinetics,  and  they  would  not  be  at  equilibrium  after  being  annealed  at  1000  °C 
for  only  336  hours.  For  instance,  even  after  annealing  at  1500°C  for  100  hours,  several  Nb-Hf-Si 
alloys  still  had  not  reached  full  equilibrium  [9].  It  is  very  likely  that  the  Nb-Cr-Si  alloys  would 
possess  similar  slow  kinetics  as  well,  thus  the  data  reported  in  the  phase  diagram  of  Goldschmidt 
and  Brand  may  not  represent  equilibrium  conditions.  This  argument  is  supported  by  the  fact  the 
Nb5Si3  and  Cr3Si  phases  have  very  narrow  composition  range  in  the  equilibrium  binary  phase 
diagrams,  whereas  in  the  phase  diagram  presented  by  Goldschmidt  and  Brand,  these  phases  show 
extensive  composition  ranges.  This  indicates  that  the  decomposition  process  of  the  primary 
solidification  phase  (surface)  was  incomplete  and  equilibrium  at  1000  °C  might  have  not  been 
reached  for  many  of  their  alloys.  Goldschmidt  and  Brand  reported  a  very  large  single-phase  field 
for  the  P  phase  which  they  claimed  to  be  the  pNb5Si3  (high  temperature  form).  This  must  be  the 
primary  solidification  PNb5Si3  that  has  not  yet  been  decomposed  to  the  equilibrium  phases  at 
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1000°C.  They  also  reported  a  Nb4Si  phase  which  is  certainly  not  an  equilibrium  phase,  since  this 
phase  does  not  appear  in  the  Nb-Si  equilibrium  binary  phase  diagram. 


Si 


Figure  5.  The  1000°C  isothermal  section  of  the  Nb-Cr-Si  system  obtained  from  the  tri-junction 
area  of  the  diffusion  multiple  annealed  at  1000°C  for  4000  hrs.  The  phase  diagram  is  plotted  in 
atomic  percent  axes  with  the  numbers  removed  for  simplicity.  The  solid  triangles  indicate  well- 
defined  three-phase  equilibria  and  the  open  circles  show  the  tie-line  compositions.  The  tie-lines 
are  shown  with  dotted  lines.  The  dashed  triangles  are  hypothesized  three-phase  equilibria. 


The  crystal  structure  of  the  0-phase  (Fig.  1)  reported  by  Goldschmidt  and  Brand  is  the  same 
as  that  of  (Cr,Nb)6Si5  and  the  0-phase  is  in  equilibrium  with  CrSi2,  NbSi2)  CrSi,  and  Cr5Si3  phases 
which  was  also  observed  in  the  present  study  for  (Cr,Nb)6Si5  (Figs.  5  and  6).  Thus  it  is  safe  to 
conclude  that  their  0-phase  is  (Cr.NbjgSis.  The  composition  of  the  0-phase  is  off  the 
stoichiometric  composition  of  (Cr,Nb)6Si5,  which  may  be  due  to  the  primary  solidification 
process.  The  v-phase  (Fig.  1)  is  very  likely  (Cr,Nb)nSig.  The  crystal  structure  of  the  x-phase  is 
the  same  as  CrNbSi,  thus  they  are  the  same  phase.  Again  the  composition  of  the  x-phase  is  off 
the  stoichiometry  of  CrNbSi  probably  due  to  the  solidification  process.  The  p-phase  is  certainly 
the  C14  Nb(Cr,Si)2  Laves  which  Goldschmidt  and  Brand  already  reported. 

The  existence  of  (Cr,Nb)6Si5  was  reported  by  Steinmetz  et  al.  [21].  Steinmetz  et  al.  [28,29] 
also  found  the  CrNbSi  and  (Cr,Nb)nSi8  ternary  phases  with  hexagonal  and  orthorhombic 
structure,  respectively.  A  “ternary”  phase  “Cr3Nb2Si3”  was  reported  by  Vilasi  et  al.  [30]  at 
1250°C.  Since  its  crystal  structure  and  lattice  parameters  are  essentially  the  same  as  the  C14 
Laves  and  its  composition  is  also  very  close  to  the  C14  Laves,  it  should  be  the  same  phase. 

Our  equilibrium  phase  diagrams  (Figs.  5  and  6)  greatly  help  to  clarify  the  confusion  in  the 
phases  of  this  ternary  system  and  put  the  phases  at  the  right  stoichiometric  positions  in  the  phase 
diagram.  Without  the  present  study  it  would  have  been  much  harder  to  correlate  the  0,  v  and  x 
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phases  since  their  reported  compositions  did  not  correspond  to  the  crystal  structure 
stoichiometries.  Our  work  from  diffusion  multiples  provides,  for  the  first  time,  a  much  clearer 
picture  of  the  phase  equilibria  in  this  very  complex  Nb-Cr-Si  ternary  system. 


Si 


Nb 


Figure  6.  The  1 150°C  isothermal  section  of  the  Nb-Cr-Si  system  obtained  from  the  tri-junction 
area  of  the  diffusion  multiple  annealed  at  1 150°C  for  2000  hrs.  The  phase  diagram  is  plotted  in 
atomic  percent  axes  with  the  numbers  removed  for  simplicity.  The  solid  triangles  indicate  well- 
defined  three-phase  equilibria  and  the  open  circles  show  the  tie-line  compositions.  The  tie-lines 
are  shown  with  dotted  lines.  The  dashed  triangles  are  hypothesized  three-phase  equilibria. 


The  diffusion  multiples  make  it  easier  to  form  equilibrium  phases  especially  for  alloys  with 
very  sluggish  decomposition  kinetics.  This  is  somewhat  counter-intuitive:  one  would  think  that 
the  equilibrated  alloy  method  (melting,  casting  and  heat  treatment  of  individual  alloys)  is  the 
ultimate  “gold-standard”  for  equilibrium.  However,  since  it  involves  the  process  of  solidification 
and  heat  treatment,  true  equilibrium  can  be  difficult  to  reach  if  the  solid-state  decomposition 
process  is  sluggish  for  some  of  the  phases  (as  in  the  case  of  several  Nb-base  systems).  For 
instance,  the  pNbvSL  which  was  formed  directly  from  solidification  (from  its  primary  liquidus 
surface)  and  which  is  not  an  equilibrium  phase  for  the  Nb-Cr-Si  ternary  system  at  1000°C,  did  not 
decompose  to  the  equilibrium  phases  after  annealing  at  1000°C  for  336  hours,  Fig.  1. 
Alternatively,  to  avoid  the  solidification  phase  formation  /  segregation,  to  shorten  diffusion 
distances,  and  to  equilibrate  more  quickly,  a  powder  metallurgy  (solid  state  reaction  of  elemental 
powders)  approach  would  be  preferred.  We  found  an  excellent  example  to  illustrate  this  case 
during  our  study  of  the  Nb-Cr-Al  system  [31].  Hunt  and  Raman  [32]  used  the  melting  and 
annealing  method  whereas  Mahdouk  and  Gachon  [33]  employed  solid-state  reaction  of  fine 
powders  (without  melting)  to  determine  the  same  ternary  phase  diagram.  Both  groups  annealed 
the  samples  at  1000°C  for  168  hours  (1  week).  The  alloys  of  Mahdouk  and  Gachon  reached 
equilibrium  near  the  C14  Laves  phase,  whereas  the  off-stoichiometric  alloys  near  the  C14  Laves 
phase  melted  by  Hunt  and  Raman  did  not  decompose  into  the  equilibrium  phases.  This  clearly 
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shows  the  advantage  of  the  power  metallurgy  route  in  reaching  equilibrium  for  very  high 
temperature  alloys.  The  powder  metallurgy  route  also  has  its  drawbacks.  It  is  very  easy  to 
introduce  oxides  or  nitrides  or  moisture  at  fine  particle  surfaces,  thus  contaminating  the  samples 
and  potentially  causing  interstitial  stabilization  of  non-equilibrium  phases.  Here  again  the 
diffusion-multiple  method  can  be  superior. 

In  the  diffusion  multiples,  there  are  no  problems  associated  with  melting  or  powder 
contamination  since  all  the  phases  form  by  diffusion  reactions  of  bulk  constituents  at  the 
temperature  of  interest  (heat  treatment).  The  phases  formed  should  all  be  equilibrium  phases  and 
local  equilibrium  at  the  phase  interface  would  give  the  equilibrium  phase  diagram.  However,  the 
diffusion-multiple  approach  is  not  fool-proof  either:  in  rare  occasions  one  of  the  phases  does  not 
form  by  interdiffusion  reactions.  The  exact  reason  for  this  is  still  not  well  understood.  However, 
for  phases  with  narrow  stoichiometry  surrounded  by  phases  with  broad  stoichiometry  and  higher 
diffusivity,  the  phases  with  narrow  stoichiometry  may  be  reduced  to  interfacial  phases  (near  zero 
thickness)  for  lower  temperatures.  Fortunately,  all  these  instances  occurred  at  temperatures  below 
half  of  the  homologous  melting  points.  Even  though  the  occurrence  was  very  rare,  when  using 
diffusion  couples  and  diffusion  multiples  in  mapping  phase  diagrams  one  should  always  be 
watchful  for  the  possibility  of  missing  phases  (especially  at  low  temperatures).  In  the  case  of  Nb- 
Cr-Si,  we  are  very  confident  that  the  phase  diagrams  (Figs.  5  and  6)  we  obtained  are  equilibrium 
ones  since  all  the  binary  phases  appeared  and  all  the  confirmed  ternary  compounds  were 
observed.  It  is  always  a  good  check  to  see  whether  all  the  binary  phases  and  reported  ternary 
phases  appear. 

The  bcc(Nb)-Nb5Si3-CrNbSi  three-phase  equilibrium  indicates  that  the  Laves  phases  are  not 
in  equilibrium  with  bcc(Nb)  and  Nb5Si3  in  the  ternary  system  at  1000  to  1150°C.  In  composites 
processed  (cast  or  DS)  at  high  temperatures,  the  C14  Nb(Cr,Si)2  Laves  phase  was  observed  to  co¬ 
exist  with  bcc(Nb)  and  NbsSi3.  It  is  likely  that  there  is  a  four  phase  equilibrium  reaction  bcc(Nb)- 
Nb5Si3-C14  +  C14-Nb5Si3-CrNbSi  -»  bcc(Nb)-Nb5Si3-CrNbSi  +  bcc(Nb)-C14-CrNbSi  at  a 
temperature  >  1150°C. 

Cr  additions  to  the  composites  improve  the  oxidation  resistance,  but  probably  degrade  both 
fracture  toughness  and  creep  strength  as  well  as  the  melting  temperature.  Although  the  liquidus 
surface  for  the  Nb-Cr-Si  system  is  not  available,  the  melting  temperatures  of  74  alloys  (out  of  220 
alloys)  were  reported  by  Goldschmidt  and  Brand  [15].  The  data  show  that  Cr  depresses  the 
melting  temperature  of  the  composites,  probably  even  more  strongly  than  Ti.  Thus  Cr  additions 
have  to  be  tailored  in  order  to  balance  the  oxidation  resistance,  creep  resistance  and  fracture 
toughness.  It  is  currently  unknown  whether  the  CrNbSi  phase  is  better  for  creep  strength  and 
whether  it  is  possible  to  promote  the  CrNbSi  phase  formation  during  reasonable  heat  treatment 
time.  If  the  transformation  from  the  in-situ  formed  C14  Laves  phase  to  the  CrNbSi  phase  is  very 
sluggish,  it  may  not  be  economically  feasible  for  real  materials  production. 

The  phase  equilibrium  information  of  the  Nb-Cr-Si  system  is  very  useful  for  the  design  of 
both  Nb  silicide  composites  and  coatings  for  these  composites.  This  is  one  of  the  key  systems  for 
which  we  would  like  to  perform  CALPHAD  modeling  and  add  the  data  into  the  developing 
thermodynamic  database  for  Nb  silicide  based  systems  [10,34-35]. 
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4.  CONCLUSIONS 


The  results  of  this  work  clearly  demonstrate  the  power  and  the  high-efficiency  of  the 
diffusion-multiple  approach  to  map  phase  diagrams  of  systems  as  complex  as  the  Nb-Cr-Si 
ternary  which  contains  14  phases,  including  three  ternary  compounds.  Two  isothermal  sections  at 
1000  and  1150  °C  were  constructed  from  the  results  obtained  from  two  diffusion  multiples  using 
scanning  electron  microscopy  (SEM),  electron  probe  microanalysis  (EPMA),  and  electron 
backscatter  diffraction  (EBSD).  Three  ternary  compounds,  CrNbSi,  (Cr,Nb)6Si5  and  (Cr,Nb)nSig, 
as  well  as  stabilization  of  the  C14  Laves  phase  were  observed  at  both  temperatures.  Our 
equilibrium  phase  diagrams  (Figs.  5  and  6)  greatly  help  to  clarify  the  confusion  of  the  phases  in 
this  ternary  system  and  provides,  for  the  first  time,  a  much  clearer  picture  of  the  phase  equilibria 
in  this  very  complex  ternary  system. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Nb-Cr-Al  ternary  system  which  is  very  valuable  for  the  design  of  niobium  silicide-based 
composites.  These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet 
engine  applications.  Both  Cr  and  A1  are  alloying  elements  for  these  composites,  thus  the  Nb-Cr- 
Al  phase  diagram,  especially  the  stability  of  the  oxidation-resistant  Laves  phase,  is  important 
information  for  the  composite  design.  A  1000°C  isothermal  section  was  constructed  from  the 
results  obtained  using  electron  probe  microanalysis  (EPMA)  from  a  diffusion  multiple  made  up 
of  Nb,  Cr,  NbAl3  and  NbSi2.  The  stabilization  of  the  C14  Laves  phase  by  A1  dominates  the 
1000°C  isothermal  section,  and  the  solubility  of  A1  in  the  C 14  Laves  phase  is  as  high  as  -45  at.%. 

Keywords:  Nb-Cr-Al,  diffusion  multiple,  silicide,  phase  diagram. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
A1  can  improve  the  oxidation  resistance.  The  potential  application  of  these  composites  at  very 
high  temperatures  requires  a  balance  of  high  creep  resistance,  high  oxidation  resistance,  and  good 
low-temperature  damage  tolerance  (fracture  toughness).  To  achieve  such  a  property  balance, 
elements  such  as  Cr,  Ti,  Hf  and  A1  are  added  to  the  composites  and  significant  progress  has  been 
made  in  improving  the  properties  of  the  composites.  Some  of  the  alloying  concepts  were 
discussed  by  Zhao  et  al.  [7].  The  advanced  design  of  the  composites  requires  a  fair  understanding 
of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable  definition  of  the  Nb- 
Hf-Si  system  has  been  achieved  [8-10],  our  effort  has  been  focused  on  the  ternary  systems  Nb-Cr- 
Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti-Cr,  and  Nb-Ti-Al.  Other 
ternary  systems  related  to  the  six-element  system  such  as  Nb-Ti-Hf,  Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si- 
Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have  either  good  data  or  are  less  critical  for  the  design  of  the  Nb 
silicide  composites.  We  will  report  the  results  of  the  Nb-Cr-Al  system  in  the  present  paper  and 
the  results  of  other  systems  will  be  communicated  separately. 

In  addition  to  being  valuable  for  the  design  of  the  Nb  silicide  composites,  the  Nb-Cr-Al 
ternary  phase  diagram  is  also  very  useful  for  the  design  of  other  high  temperature  alloys  and 
coatings  [11-14].  For  instance,  the  Nb-rich  aluminides,  Nb3Al  and  Nb2Al,  have  demonstrated 
good  strength  and  creep  resistance  at  high  temperatures  [11,12].  The  Al-rich  intermetallic  phase, 
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NbAl3,  is  also  a  candidate  material  for  advanced  aeropropulsion  systems  because  of  its  high 
melting  point  and  low  density.  Cr  addition  is  very  important  for  the  oxidation  resistance  of  these 
aluminides  and  coatings. 

The  high-efficiency  “diffusion  multiple”  approach  [15-18]  is  ideally  suited  for  mapping  phase 
diagrams  of  the  six-element  related  systems  mentioned  earlier.  It  would  take  thousands  of  alloys 
to  determine  the  nine  ternary  systems  using  the  traditional  one-alloy-at-a-time  (equilibrated  alloy) 
approach.  For  instance,  it  took  Goldschmidt  and  Brand  [19]  about  220  alloys  to  map  just  the  Nb- 
Cr-Si  ternary  system  and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [20]  to 
determine  the  Ti-Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are  difficult 
to  make  and  to  homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial  (oxygen, 
nitrogen,  carbon,  etc.)  contamination  during  alloy  casting  and  heat  treatment.  In  contrast,  the 
diffusion  multiple  approach  needs  only  a  few  cast  alloys  and  the  samples  were  easy  to  make,  and 
safe-guarding  against  the  interstitial  contamination  can  be  very  easily  implemented  as  will  be 
discussed  later.  The  general  diffusion  multiple  approach  was  discussed  in  detail  previously  [15- 
18]  and  has  been  successfully  applied  to  many  alloy  systems. 

The  constitutive  binary  phase  diagrams  of  the  Nb-Cr-Al  system,  i.e.,  Nb-Al  [21],  Nb-Cr 
[22,23]  and  Al-Cr  [24-29]  are  already  available  in  the  literature.  There  is  still  active  research  on 
the  phase  diagram  of  the  Al-Cr  binary  system  [26,27],  The  crystal  structures  of  the  phases  in  the 
binary  and  the  ternary  system  are  listed  in  Table  1  [30]. 


Table  1 .  Crystal  structure  of  phases  in  the  Nb-Cr-Al  ternary  system.  The  data  were  taken 
from  Villars  and  Calvert  [30]  for  most  phases,  from  Knapp  [31]  for  Al9Cr4,  and  from  Audier,  et 
al.  [27]  for  Al4Cr  and  AluCr2. 
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| 
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i 
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o 

Cl  4  Laves 

Cr2Nb 

<  ~1600°C 

cF24 

Fd3m 

0.695 

Cl  5  Laves 

The  first  isothermal  section  of  the  Nb-Cr-Al  systems  was  reported  by  Hunt  and  Raman  [32] 
for  1000°C,  as  shown  in  Fig.  1(a)  [20].  It  provided  a  rough  overview  of  this  system,  but  most  of 
the  phase  boundaries  and  the  tie-triangles  were  un-defined.  Mahdouk  and  Gachon  [33]  recently 
reported  an  isothermal  section  at  1000°C  (Fig.  1(b))  based  on  EPMA  analysis  of  small-charge 
samples  produced  in  a  direct  reaction  calorimeter  and  then  annealed  at  1000°C  for  168  hours  (1 
week).  There  are  large  discrepancies  of  Cr  solubility  in  Nb  aluminides  (NbAU,  Nb2Al,  and 
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Nb3Al)  and  bcc  (Nb)  between  the  results  of  Mahdouk  and  Gachon  [33]  and  Hunt  and  Raman 
[32].  In  addition,  the  phase  equilibria  between  the  two  (Cr,Al)2Nb  Laves  phases,  C15  and  C14, 
are  not  determined.  Our  work  will  help  comparing  and  judging  the  reliability  of  the  literature 
data  and  generating  new  data  for  the  phase  equilibria  of  the  Nb-Cr-Al  ternary  system. 


2.  EXPERIMENTAL  METHOD 

A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  Fig.  2(a)  was  made. 
The  dimensions  were  designed  so  that  the  pieces  of  pure  elements  and  compounds  are  much 
larger  than  the  diffusion  distance,  thus  there  will  be  pure  elements  and  compounds  left  after  the 
long-term  diffusion  annealing.  To  avoid  the  low  melting  point  of  Al,  we  used  both  NbAl3  and 
NbSi2  compounds  as  members  of  the  diffusion  multiple.  Both  these  compounds  were  made  using 
arc -melting.  They  were  then  cut  into  square  bars  of  7  x  7  x  25  mm  using  electro-discharge 
machining  (EDM).  A  14  x  14  mm  square  opening  was  cut  from  a  25.4  mm  diameter  by  25.4  mm 
height  cylindrical  piece  of  pure  Nb.  The  square  open  was  cut  across  the  whole  height  of  the  Nb 
piece.  Pieces  of  high  purity  Nb  and  Cr  in  the  dimension  of  7  x  7  x  25  mm  were  also  machined 
using  EDM.  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by  mechanical  grinding  to 
make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol  and  then  assembled  into 
the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25.4  mm.  The  assembled  diffusion 
multiple  was  then  loaded  into  hot  isostatic  press  (HIP)  cans  made  of  commercial  purity  Ti,  which 
is  schematically  shown  in  Fig.  2(b).  A  25  |J.m  layer  of  Ta  was  placed  between  the  diffusion 
multiple  and  the  HIP  cans  to  isolate  any  interstitial  contaminants  that  may  diffuse  into  the  HIP 
can  from  the  quartz  capsule  during  long-term  annealing.  The  top  and  bottom  caps  of  the  HIP  can 
were  electron  beam  welded.  HEPing  was  performed  at  1204  °C,  200MPa  for  4  hrs.  The  HIP  can 
containing  the  diffusion  multiple  was  then  encapsulated  in  an  evacuated  quartz  tube  backfilled 
with  pure  argon.  Since  Nb  is  susceptible  to  oxygen  and  nitrogen  contamination,  it  is  critical  to 
keep  the  diffusion  multiple  from  interstitial  elements.  To  further  absorb  any  oxygen  that  may 
diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium  was  wrapped  in  Ta  foils  and  was  then  placed 
inside  the  quartz  tube.  Thus,  the  diffusion  multiple  was  protected  from  the  intersitials  (O,  N,  C, 
etc.)  by  the  quartz  tube,  the  pure  yttrium  absorber,  the  Ti  HIP  can,  and  the  Ta  diffusion  barrier. 
The  encapsulated  sample  was  then  annealed  at  1000°C  for  2000  hours.  After  the  heat  treatment, 
the  diffusion  multiple  was  taken  from  the  argon  furnace  and  cooled  down  to  ambient  temperature 
by  breaking  the  quartz  tube  and  quenching  the  diffusion  multiple  into  water.  The  diffusion 
multiple  was  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and  polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle. 


3.  RESULTS  AND  DISCUSSION 

Backscatter  electron  images  taken  from  the  Nb-Cr-NbAl3  tri-junction  (schematically  circled 
area  in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1000  °C  for  2000  hrs  are  shown  in  Fig.  3. 
During  the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Nb,  Cr  and  Al  took 
place,  and  all  the  equilibrium  phases,  including  the  intermetallic  phases,  formed  by  interdiffusion 
reactions.  The  black  area  on  top  of  Fig.  3(a)  was  a  crack  probably  formed  during  specimen 
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preparation  (EDM  cutting,  grinding  and  polishing).  The  Nb2Al  and  Nb3Al  phases  which  are 
difficult  to  see  in  Fig.  3(a)  can  be  seen  in  Fig.  3(b)  and  (c).  Even  in  Fig.  3(b),  the  NbjAl  is  still 
difficult  to  see  since  the  atomic  number  contrast  among  Nb2Al,  Nb3Al  and  bcc(Nb)  is  very  low. 
At  the  location  of  Fig.  3(b),  Nb2Al  started  to  disappear  (thus  it  is  very  thin  in  this  area),  i.e.,  it  was 
de-stabilized  by  Cr  on  the  right-hand  side  of  the  image  where  higher  Cr  concentration  was  present 
Figure  3(c)  is  at  the  location  where  Nb2Al  started  to  disappear,  i.e.,  this  phase  was  also  de¬ 
stabilized  by  Cr  on  the  right-hand  side  of  the  image  where  higher  Cr  concentration  was  present. 
Note  that  at  the  locations  of  Fig.  3  (b)  and  (c),  as  the  Nb3Al  and  Nb2Al  phases  were  extremely 
thin,  we  took  account  of  overlapping  and  over-sampling  effects  when  analyzing  the  EPMA  data. 

By  performing  EPMA  analysis  in  this  tri-junction  area,  a  large  amount  of  phase  equilibrium 
information  was  obtained.  Based  on  the  compositional  information  from  EPMA  and  by  taking 
advantage  of  the  local  equilibrium  at  phase  interfaces,  an  isothermal  section  of  the  Nb-Cr-Al 
system  for  1000  °C  was  constructed  as  shown  in  Fig.  4.  Detailed  procedures  of  phase  diagram 
mapping  using  diffusion  multiples  can  be  found  elsewhere  [15-18]. 

The  new  1000°C  isothermal  section  of  the  Nb-Al-Cr  ternary  system  shows  the  same  phase 
relationships  as  those  reported  by  Hunt  and  Raman  [32]  as  well  as  Mahdouk  and  Gachon  [33], 
Due  to  the  fact  that  we  used  NbAl3  instead  of  pure  A1  as  a  member  of  the  diffusion  multiple,  we 
did  not  obtain  any  phase  equilibrium  information  at  the  Al-rich  end  of  the  phase  diagram.  This  is 
also  partly  due  to  the  very  stable  nature  of  the  C14  Laves  phase  which  dominates  the  center  of  the 
phase  diagram.  Nevertheless,  we  still  obtained  a  large  amount  of  information  for  seven  single¬ 
phase  regions  and  five  three-phase  regions.  Identical  to  the  observations  of  Hunt  and  Raman  [32] 
as  well  as  Mahdouk  and  Gachon  [33],  we  observed  the  stabilization  of  the  high-temperature 
hexagonal  C14-Laves  phase  of  the  binary  Cr-Nb  system  (Cr2Nb)  by  A1  addition,  and  the 
solubility  of  A1  in  C14  was  as  high  as  -45.  at.%,  which  is  consistent  with  previous  observations 
[32,33].  The  composition  of  the  C14  Laves  phase  was  almost  a  line-compound  in  the  form  of 
(Cr,AI)2Nb.  Our  result  is  consistent  that  of  Mahdouk  and  Gachon  [33],  and  the  results  together 
suggest  that  the  very  wide  (Nb  variation)  phase  region  of  the  C14  Laves  reported  by  Hunt  and 
Raman  [32]  is  un-reliable.  The  widening  of  the  C14  Laves  phase  region  in  the  case  of  Hunt  and 
Raman  [32]  was  probably  due  to  the  primary  solidification  process  (primary  liquidus  surface  of 
C14-Laves).  The  C14  Laves  with  composition  away  from  (Cr,Al)2Nb  formed  during 
solidification  did  not  have  sufficient  time  to  decompose  due  to  its  sluggish  kinetics.  In  our 
diffusion  multiple,  the  C14  Laves  formed  at  1000°C  by  diffusion  reactions  and  it  did  not  go 
through  the  solidification  process,  thus  it  is  much  easier  to  reach  local  equilibrium  at  the  phase 
interfaces.  In  the  case  of  Mahdouk  and  Gachon  [33],  the  direct  reaction  calorimetry  process 
involves  fine  powders  that  react  together  in  the  solid  state,  thus  it  also  avoids  the  problem 
associated  with  melting  and  solidification.  The  work  of  both  Hunt  and  Raman  [32]  and  Mahdouk 
and  Gachon  [33]  is  a  great  example  to  show  that  it  is  much  easier  to  reach  equilibrium  by  solid- 
state  reactions  than  to  go  through  a  solidification  and  decomposition  process  when  involving 
high-melting  compounds  and  when  the  decomposition  kinetics  is  sluggish.  Both  Hunt  and 
Raman  [32]  and  Mahdouk  and  Gachon  [33]  annealed  their  samples  at  1000°C  for  168  hours  (1 
week);  Mahdouk  and  Gachon  [33]  reached  equilibrium  through  solid-state  reaction,  whereas  Hunt 
and  Raman  [32]  did  not  reach  equilibrium  for  the  C14  Laves  using  melting/solidification  and 
decomposition  annealing. 

Most  of  the  results  obtained  from  the  diffusion  multiples  agreed  well  with  those  reported  by 
Mahdouk  and  Gachon  [33]  except  the  bcc(Nb)  +  C14  Laves  +  Nb2(Al,Cr)  three-phase 
equilibrium.  Our  result  showed  much  higher  A1  concentration  in  the  C14  Laves  phase  in 
equilibrium  with  both  bcc(Nb)  and  Nb2(Al,Cr).  In  addition,  we  observed  very  low  solubility  of 
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Cr  in  the  Nb3Al,  which  is  slightly  different  from  the  result  of  Mahdouk  and  Gachon  [33],  Fig. 
1(b).  We  clearly  defined,  for  the  first  time,  the  C14  +  C15  +  bcc(Nb)  and  C14  +  C15  +  bcc(Cr) 
three-phase  regions. 

In  Nb  silicide  composites  with  both  Cr  and  A1  additions,  both  elements  help  promote  the 
C14-Laves  phase  (instead  of  the  A15  Nb3Al  phase  for  the  A1  case).  The  alloying  effect  of  Cr  and 
A1  in  Nb  silicide-based  composites  can  be  appreciated  by  examining  the  Nb-Cr-Si,  Nb-Al-Si  and 
Nb-Cr-Al  phase  diagrams.  Our  work  on  the  Nb-Cr-Si  and  Nb-Al-Si  ternary  systems  will  be 
reported  separately  [34]. 

The  phase  equilibrium  information  of  the  Nb-Cr-Al  system  is  very  useful  for  the  design  of 
both  Nb  silicide  composites  and  coatings  for  these  composites.  This  is  one  of  the  key  systems  we 
would  like  to  perform  CALPHAD  modeling  and  add  the  data  into  the  developing  thermodynamic 
database  for  Nb  silicide  based  systems  [10,  35-36], 


4.  CONCLUSIONS 

Using  the  high-efficiency  diffusion-multiple  approach,  we  mapped  the  1000°C  isothermal 
section  of  the  Nb-Cr-Al  ternary  system.  There  was  no  ternary  compound  for  this  ternary  system. 
The  high-temperature  C14  Laves  of  the  Cr-Nb  binary  system  was  stabilized  to  1000°C  by  A1 
addition  and  the  A1  solubility  in  the  C14  Laves  is  as  high  as  ~45  at.%.  We  reported  results  on 
seven  single-phase  regions  and  five  three-phase  regions.  We  results  are  in  good  agreement  with 
the  data  reported  by  Mahdouk  and  Gachon  [33]. 


ACKNOWLEDGMENTS 

The  authors  are  grateful  to  A.M.  Ritter  and  B.P.  Bewlay  for  support  and/or  valuable  discussions. 
We  are  also  thankful  for  Lizhen  Tan  for  his  help  in  preparing  the  manuscript.  This  work  was 
supported  by  the  US  Air  Force  Office  of  Scientific  Research  (AFOSR)  under  grant  number 
F49620-99-C-0026  with  C.  Flartley  as  a  program  manager.  The  views  and  conclusions  contained 
herein  are  those  of  the  authors  and  should  not  be  interpreted  as  necessarily  representing  the 
official  policies  or  endorsement,  either  expressed  or  implied,  of  the  AFOSR  or  the  U.S. 
Government. 


REFERENCES 

1.  M.G.  Mendiratta  and  D.M.  Dimiduk,  Mat.  Res.  Soc.  Symp.  Proc.,  133  (1989),  441-  446. 

2.  M.R.  Jackson,  B.P.  Bewlay,  R.G.  Rowe,  D.W.  Skelly,  and  H.A.  Lipsitt,  JOM,  48  (1996),  39- 
44. 

3.  P.R.  Subramanian,  M.G.  Mendiratta,  and  D.M.  Dimiduk,  JOM.  48  (1996),  33-38. 

4.  B.P.  Bewlay,  J.J.  Lewandowski,  and  M.R.  Jackson,  JOM,  49  (1997),  44-45. 

5.  S.J.  Balsone,  B.P.  Bewlay,  M.R.  Jackson,  P.R.  Subramanian,  J.-C.  Zhao,  A.  Chatterjee,  and 
T.  Heffeman,  in  Structural  Intermetallics  2001  (K.  Hemker,  D.M.  Dimiduk,  H.  Clemens,  R. 
Darolia,  H.  Inui,  J.M.  Larsen,  V.K.  Sikka,  M.  Thomas,  and  J.D.  Whittenberger,  eds.),  TMS, 
Warrendale,  PA,  2001,  99-108 


5 


6.  B.P.  Bewlay,  M.R.  Jackson,  J.-C.  Zhao,  and  P.R.  Subramanian,  Metall.  Mater.  Trans., 
Accepted  November  2002. 

7.  J.-C.  Zhao,  B.P.  Bewlay,  M.R.  Jackson,  and  L.A.  Peluso,  in  Structural  Intermetallics  2001 
(K.  Hemker,  D.M.  Dimiduk,  H.  Clemens,  R.  Darolia,  H.  Inui,  J.M.  Larsen,  V.K.  Sikka,  M. 
Thomas,  and  J.D.  Whittenberger,  eds.),  TMS,  Warrendale,  PA,  2001,  483-491. 

8.  B.P.  Bewlay,  R.R.  Bishop,  and  M.R.  Jackson,  Z.  Metallkde.,  90  (1999),  413-422. 

9.  J.-C.  Zhao,  B.P.  Bewlay,  and  M.R.  Jackson,  Intermetallics,  9  (2001),  681-689. 

10.  Y.  Yang,  Y.A.  Chang,  J.-C.  Zhao,  and  B.P.  Bewlay,  Intermetallics,  Accepted  November 
2002. 

11.  D.L.  Anton  and  D.M.  Shah,  Mater.  Res.  Soc.  Symp.  Proc.,  288  (1993),  141-150. 

12.  D.M.  Dimiduk,  P.R.  Subramanian,  and  M.G.  Mendiratta,  Acta  Metall.  Mater.,  8  (1995),  519- 
530. 

13.  M.G.  Hebsur,  J.R.  Stephens,  J.L.  Smialek,  C.A.  Barrett,  and  D.S.  Fox,  Influence  of  Alloying 
Elements  on  the  Oxidation  Behavior  of  NbAl3,  Sci.  Tech.  Aerosp.  Rep.,  27(4)  (1989)  Abstr. 
No.  N89-12717. 

14.  J.  Doychak  and  M.G.  Hebsur,  Oxid.  Met.,  36  (1991),  113. 

15.  J.-C.  Zhao,  Adv.  Eng.  Mater.,  3  (2001),  143-147. 

16.  J.-C.  Zhao,  J.  Mater.  Res.,  16  (2001),  1565-1578. 

17.  J.-C.  Zhao,  M.R.  Jackson,  L.A.  Peluso,  and  L.  Brewer,  MRS  Bulletin,  27  (2002)  324-329. 

18.  J.-C.  Zhao,  M.R.  Jackson,  L.A.  Peluso,  and  L.  Brewer,  JOM,  54  (7)  (2002)  42-45. 

19.  H.J.  Goldschmidt  and  J.A.  Brand,  J.  Less-Common  Met.,  3  (1961),  34-43. 

20.  L.A.  Lysenko,  V.Ya.  Markiv,  O.V.  Tsybukh,  and  E.I.  Gladyshevskii,  Inorganic  Mater.,  7(1) 
(1971),  157-159. 

21.  U.R.  Kattner:  in  Binary  Alloy  Phase  Diagrams,  2nd  ed.,  T.B.  Massalski,  ed.,  ASM 
International,  Materials  Park,  OH,  1990. 

22.  M.  Venkatraman  and  J.P.  Neumann:  in  Binary  Alloy  Phase  Diagrams,  2nd  ed.,  T.B. 
Massalski,  ed.,  ASM  International,  Materials  Park,  OH,  1990. 

23.  J.G.C.  Neto,  S.G.  Fries,  and  H.L.  Lukas,  CALPHAD,  17  (1993),  219-228. 

24.  J.L.  Murray,  in  Binary  Alloy  Phase  Diagrams,  2nd  ed.,  T.B.  Massalski,  ed.,  ASM 
International,  Materials  Park,  OH,  1990. 

25.  J.G.C.  Neto,  S.  Gama,  and  C.A.  Ribeiro,  J.  Alloys  Compounds,  182  (1992),  271-280. 

26.  K.  Mahdouk  and  J.C.  Gachon,  J.  Phase  Equili.,  21(2000),  157-166. 

27.  K.  Mahdouk,  J.C.  Gachon,  Arch.  Metal.,  46  (2001),  233-238. 

28.  M.  Audier,  M.  Durandcharre,  E.  Laclau,  H.  Klein,  Phase-Equilibria  in  the  Al-Cr  System,  J. 
Alloys  Compound,  220(1995)225-230. 

29.  X.Z.  Li,  K.  Sugiyama,  K.  Hiraga,  A.  Sato,  A.  Yamamoto,  H.X.  Sui,  K.H.  Kuo,  Z. 
Kristallographie,  212  (1997),  628-633. 

30.  P.  Villars  and  L.D.  Calvert,  Pearson’s  Handbook  of  Crystallographic  Data  for  Intermetallic 
Phases,  2nd  ed.,  ASM  International,  Materials  Park,  OH,  1991. 

31.  A.  Knapp,  Z.  Metallkde.,  33  (1941)  153. 

32.  C.R.  Hunt  and  A.  Raman,  Z.  Metallkd.,  59  (1968),  701-707. 

33.  K.  Mahdouk  and  J.C.  Gachon,  J.  Alloys  Compounds,  321  (2001),  232-236. 

34.  J.-C.  Zhao,  M.R.  Jackson,  and  L.A.  Peluso,  to  be  published. 

35.  H.  Liang  and  Y.A.Chang,  Intermetallics,  7  (1999)  561. 

36.  Y.  Yang  and  Y.A.  Chang  (University  of  Wisconsin  -  Madison),  private  communication, 

2002. 


6 


(b) 


Nt> 


X.'. 


Cr 


Figure  1.  The  1000°C  isothermal  sections  of  the  Nb-Cr-Al  ternary  system  from  the  literature: 
(a)  an  approximate  phase  diagram  reported  by  Hunt  and  Raman  [32]  showing  that  phase 
boundaries  and  tie-triangles  were  not  well  defined;  and  (b)  an  isothermal  section  recently 
reported  by  Mahdouk  and  Gachon  [33].  Tie-lines  are  indicated  by  dashed  lines.  The  question 
mark  indicates  that  the  limits  of  the  two  forms  of  (Cr,Al)2Nb  Laves  phases  are  not  determined 
accurately. 


Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Nb-Cr-Al  ternary 
phase  diagram:  (a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for 
the  size  of  the  sample.  The  results  reported  in  this  work  were  all  obtained  from 
the  tri-junction  comer  of  Nb  -  Cr  -  NbAl3  circled  in  (a). 
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Figure  3.  Backscatter  electron  SEM  images  of  the  Nb-Cr-NbAl3  tri-junction  area  of  the  diffusion 
multiple  (Fig.  2)  annealed  at  1000°C  for  2000  hrs  showing  the  formation  of  many  different 
intermetallic  compounds:  (a)  a  low-magnification  image  showing  the  overall  tri-junction;  (b)  a 
high-magnification  image  of  location  1  in  (a)  showing  the  very  thin  layers  of  Nb2Al  and  Nb3Al; 
and  (c)  a  high-magnification  image  of  location  2  in  (a)  showing  the  location  of  the  Nb2Al  phase. 
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Figure  4.  The  1000°C  isothermal  section  of  the  Nb-Cr-Al  system  obtained  from  the  Nb- 
Cr-NbAlj  tri-junction  area  of  the  diffusion  multiple  annealed  at  1000°C  for  2000  hrs. 
The  phase  diagram  is  plotted  in  atomic  percent  axes  with  the  numbers  removed  for 
simplicity.  The  solid  triangle  indicates  well-defined  three-phase  triangles  and  the  open 
circles  show  the  tie-line  compositions.  The  tie-lines  are  shown  with  light  dotted  lines. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Nb-Al-Si  ternary  system  which  is  very  valuable  for  the  design  of  niobium  silicide-based 
composites.  These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet 
engine  applications.  Aluminum  is  an  alloying  element  for  these  composites,  thus  the  Nb-Al-Si 
phase  diagram,  especially  solubility  of  A1  in  Nb5Si3,  is  important  information  for  the  composite 
design.  An  isothermal  section  at  1000°C  was  constructed  from  the  results  obtained  from  a 
diffusion  multiple  using  scanning  electron  microscopy  (SEM)  and  electron  probe  microanalysis 
(EPMA).  A  ternary  phase  Nb3Si5Al2  was  observed.  The  solubility  data  of  A1  in  ocNb5Si3  and 
NbSi2  as  well  as  Si  solubility  in  Nb3Al,  Nb2Al  and  NbAl3  were  obtained.  The  new  isothermal 
section  helps  to  judge  the  reliability  of  the  existing  literature  results  and  to  add  new  data  to  the 
Nb-Al-Si  phase  equilibria. 

Keywords :  Nb-Al-Si,  diffusion  multiple,  silicide,  phase  diagram. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
A1  can  improve  the  oxidation  resistance.  The  potential  application  of  these  composites  at  very 
high  temperatures  requires  a  balance  of  high  creep  resistance,  high  oxidation  resistance,  and  good 
low-temperature  damage  tolerance  (fracture  toughness).  To  achieve  such  a  property  balance, 
elements  such  as  Cr,  Ti,  Hf  and  A1  are  added  to  the  composites  and  significant  progress  has  been 
made  in  improving  the  properties  of  the  composites.  Some  of  the  alloying  concepts  were 
discussed  by  Zhao  et  al.  [7].  The  advanced  design  of  the  composites  requires  a  fair  understanding 
of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable  definition  of  the  Nb- 
Hf-Si  system  has  been  achieved  [8-10],  our  effort  has  been  focused  on  the  ternary  systems  Nb-Cr- 
Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti-Cr,  and  Nb-Ti-Al.  Other 
ternary  systems  related  to  the  six-element  system  such  as  Nb-Ti-Hf,  Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si- 
Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have  either  good  data  or  are  less  critical  for  the  design  of  the  Nb 
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silicide  composites.  We  will  report  the  results  of  the  Nb-Al-Si  system  in  the  present  paper  and  the 
results  of  other  systems  will  be  communicated  separately. 

In  addition  to  being  valuable  for  the  design  of  the  Nb  silicide  composites,  the  Nb-Al-Si 
ternary  phase  diagram  is  also  very  useful  for  the  design  of  other  high  temperature  alloys  and 
coatings  [11-19].  For  instance,  the  Nb-rich  aluminides,  Nb3Al  and  Nb2Al,  have  demonstrated 
good  strength  and  creep  resistance  at  high  temperatures  [11,12].  The  Al-rich  intermetallic  phase, 
NbAl3,  is  also  a  candidate  material  for  advanced  aeropropulsion  systems  because  of  its  high 
melting  point  and  low  density.  The  Nb3Si5Al2  phase  showed  good  strength  and  excellent 
oxidation  resistance  at  1300  °C  with  a  thin  adherent  A1203  layer,  but  it  showed  poor  oxidation 
resistance  at  750  °C  [13].  Nb-Al-Si  coatings  are  also  pursued  for  high  temperature  sulfidation 
and  oxidation  applications  [14,15]. 

The  high-efficiency  “diffusion  multiple”  approach  [20-23]  is  ideally  suited  for  mapping  phase 
diagrams  of  the  six-element  related  ternary  systems  mentioned  earlier.  It  would  take  thousands  of 
alloys  to  determine  these  ternary  systems  using  the  traditional  one-alloy-at-a-time  (equilibrated 
alloy)  approach.  For  instance,  it  took  Goldschmidt  and  Brand  [24]  about  220  alloys  to  map  just 
the  Nb-Cr-Si  ternary  system  and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [25] 
to  determine  the  Ti-Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are 
difficult  to  make  and  to  homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial 
(oxygen,  nitrogen,  carbon,  etc.)  contamination  during  alloy  casting  and  heat  treatment.  In 
contrast,  the  diffusion  multiple  approach  needs  only  a  few  cast  alloys  and  the  samples  were  easy 
to  make,  and  safe-guarding  against  the  interstitial  contamination  can  be  very  easily  implemented 
as  will  be  discussed  later.  The  general  diffusion  multiple  approach  was  discussed  in  detail 
previously  [20-23]  and  has  been  successfully  applied  to  many  alloy  systems. 

The  constitutive  binary  phase  diagrams  of  the  Nb-Al-Si  system,  i.e.,  Nb-Al  [26],  Al-Si  [27] 
and  Nb-Si  [7,28-30]  are  already  well  assessed  in  the  literature.  The  crystal  structures  of  the 
phases  in  the  binary  and  the  ternary  system  are  listed  in  Table  1  [31]. 

Table  1 .  Crystal  structure  of  phases  in  the  Nb-Al-Si  ternary  system  [31]. 
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An  isothermal  section  of  the  Nb-Al-Si  ternary  system  was  first  reported  by  Brukl  et  al.  [32], 
as  shown  in  Fig.  1(a).  Strangely,  the  same  isothermal  section  was  said  to  be  for  both  500  and 
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1400°C,  which  is  very  unlikely  true  -  It  is  hard  to  believe  that  the  phases  have  identical 
solubilities  at  both  500  and  1400°C!  Brakl  et  al.  identified  two  ternary  compounds  Nb3SisAl2  and 
NbioSi3Al3  and  found  them  in  equilibrium  with  each  other.  A  contradictory  result  was  reported  by 
Pan  et  al.  [33]  who  found  that  these  two  compounds  were  not  in  equilibrium;  instead  aNb5Si3 
was  in  equilibrium  with  NbAl3.  Pan  et  al.  constructed  a  partial  isothermal  section  at  1500°C,  as 
shown  in  Fig.  1(b).  Using  11  different  alloy  compacts  prepared  by  spark  plasma  sintering, 
Murakami  et  al.  [13]  recently  confirmed  the  equilibrium  between  aNb5Si3  and  NbAl3,  and 
presented  a  tentative  isothermal  section  for  the  temperatures  of  1200  to  1600°C,  as  shown  in  Fig. 
1(c).  All  the  phase  boundaries  were  un-defined,  and  only  three-phase  equilibria  were  tentatively 
defined.  Note  that  the  Al  solubility  in  aNb5Si3  was  reported  very  differently  by  different  groups, 
near  zero  by  Brakl  et  al.  [32],  ~  10  at.%  by  Pan  et  al.  [33],  and  near  zero  by  Murakami  et  al.  [13], 
Our  experimental  result  will  help  to  judge  which  data  were  reliable. 

Allibert  et  al.  [34]  studied  the  phase  equilibria  in  the  Al  and  Si  rich  alloys  (with  Nb  <  40 
at.%)  and  reported  partial  isothermal  sections  at  both  1300  and  1500°C.  They  found  two  three- 
phase  equilibria,  Liquid  +  NbAl3  +  NbjSi5Al2  and  Liquid  +  NThSTAL  +  NbSi2.  Our  work  will  be 
complementary  to  theirs  in  defining  the  Nb-rich  part  of  the  phase  diagram. 


2.  EXPERIMENTAL  METHOD 

A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  Fig.  2(a)  was  made. 
The  dimensions  were  designed  so  that  the  pieces  of  pure  elements  and  compounds  are  much 
larger  than  the  diffusion  distance,  thus  there  will  be  pure  elements  and  compounds  left  after  the 
long-term  diffusion  annealing.  To  avoid  the  low  melting  point  of  Al,  we  used  both  NbSi2  and 
NbAl3  compounds  as  members  of  the  diffusion  multiple.  Both  these  compounds  were  made  by 
arc -melting.  They  were  then  cut  into  square  bars  of  7  x  7  x  25  mm  using  electro-discharge 
machining  (EDM).  A  14  x  14  mm  square  opening  was  cut  from  a  25.4  mm  diameter  by  25.4  mm 
height  cylindrical  piece  of  pure  Nb.  The  square  open  was  cut  across  the  whole  height  of  the  Nb 
piece.  Pieces  of  high  purity  Nb  and  Cr  in  the  dimension  of  7  x  7  x  25  mm  were  also  machined 
using  EDM.  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by  mechanical  grinding  to 
make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol  and  then  assembled  into 
the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25.4  mm.  The  assembled  diffusion 
multiple  was  then  loaded  into  hot  isostatic  press  (HIP)  cans  made  of  commercial  purity  Ti,  which 
is  schematically  shown  in  Fig.  2(b).  A  25  pm  layer  of  Ta  was  placed  between  the  diffusion 
multiple  and  the  HIP  cans  to  isolate  any  interstitial  contaminants  that  may  diffuse  into  the  HIP 
can  from  the  quartz  capsule  during  long-term  annealing.  The  top  and  bottom  caps  of  the  HIP  can 
were  electron  beam  welded.  HIPing  was  performed  at  1204  °C,  200MPa  for  4  hrs.  The  HIP  can 
containing  the  diffusion  multiple  was  then  encapsulated  in  an  evacuated  quartz  tube  backfilled 
with  pure  argon.  Since  Nb  is  susceptible  to  oxygen  and  nitrogen  contamination,  it  is  critical  to 
keep  the  diffusion  multiple  from  interstitial  elements.  To  further  absorb  any  oxygen  that  may 
diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium  was  wrapped  in  Ta  foils  and  was  then  placed 
inside  the  quartz  tube.  Thus,  the  diffusion  multiple  was  protected  from  the  intersitials  (O,  N,  C, 
etc.)  by  the  quartz  tube,  the  pure  yttrium  absorber,  the  Ti  HIP  can,  and  the  Ta  diffusion  barrier. 
The  encapsulated  sample  was  then  annealed  at  1000°C  for  2000  hours.  After  the  heat  treatment, 
the  diffusion  multiple  was  taken  from  the  argon  furnace  and  cooled  down  to  ambient  temperature 
by  breaking  the  quartz  tube  and  quenching  the  diffusion  multiple  into  water.  The  diffusion 
multiple  was  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and  polished. 
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The  sample  was  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle. 


3.  RESULTS  AND  DISCUSSION 

Backscatter  electron  images  taken  from  the  Nb-NbSi2-NbAl3  tri-junction  (schematically 
circled  area  in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1000  °C  for  2000  hrs  are  shown  in 
Fig.  3.  During  the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Nb,  A1  and  Si 
took  place,  and  all  the  equilibrium  phases,  including  the  intermetallic  phases,  formed  by 
interdiffusion  reactions.  The  black  area  on  top  of  Fig.  3(a)  was  a  crack  probably  formed  during 
specimen  preparation  (EDM  cutting,  grinding  and  polishing).  Some  of  the  porosity  shown  in  Fig. 
3  may  be  due  to  Kirkendall  voiding.  The  Nb2Al  and  Nb3Al  phases  which  are  difficult  to  see  in 
Fig.  3(a)  can  be  seen  in  Fig.  3(b)  to  3(d).  Figure  3(c)  shows  a  very  thin  layer  of  Nb3Al  on  the 
right-hand  size  of  the  image,  but  on  the  left-hand  side,  it  almost  became  an  interfacial  phase.  The 
Nb3Al  phase  remained  very  thin  in  almost  all  areas  except  at  location  X  in  Fig.  3(b).  Both  Nb2Al 
and  Nb3Al  became  extremely  thin  at  the  location  in  Fig.  3(d).  The  Nb2Al  phase  completely 
disappeared  at  location  Y  and  to  the  left,  whereas  the  Nb3Al  phase  completely  disappeared  at 
location  Z  and  left  on  Fig.  3(d).  Since  the  Nb3Al  phase  is  extremely  thin,  we  took  account  of 
overlapping  and  over-sampling  effects  when  analyzing  the  EPMA  data. 

By  performing  EPMA  analysis  in  this  tri-junction  area,  a  large  amount  of  phase  equilibrium 
information  was  obtained.  Based  on  the  compositional  information  from  EPMA  and  by  taking 
advantage  of  the  local  equilibrium  at  phase  interfaces,  an  isothermal  section  of  the  Nb-Al-Si 
system  was  constructed  as  shown  in  Fig.  4.  Detailed  procedures  of  phase  diagram  mapping  using 
diffusion  multiples  can  be  found  elsewhere  [20-23]. 

We  observed  only  one  ternary  compound  Nb3Si5Al2  instead  of  two  (Nb3Si3Al2  and 
Nbi0Si3Al3)  as  suggested  by  previous  investigations  [13,32,33].  When  our  result  was  first 
obtained,  we  thought  we  might  have  a  missing  phase  situation  for  this  ternary  system.  However, 
after  careful  examination  of  the  crystal  structure  and  lattice  parameters  of  the  Nbi0Si3Al3  phase, 
we  realized  that  this  “ternary”  compound  actually  is  the  binary  PNb5Si3  phase  stabilized  to  lower 
temperatures  by  A1  addition.  For  instance,  the  crystal  structure  and  lattice  parameters  of  the 
Nb10Si3Al3  reported  by  Brukl  et  al.  were  tI32  (I4/mcm)  and  a=1.0160  nm  and  c=0.5081  nm  which 
are  the  identical  crystal  structure  and  very  close  lattice  parameters  of  pNb5Si3  (Table  1).  We 
conclude  that  Nbi0Si3Al3  is  PNb5(Si,Al)3.  With  this  understanding,  our  result  is  not  in 
contradiction  with  the  literature  results.  Our  result  and  these  of  the  literature  suggest  that  Al 
addition  stabilizes  PNb5(Si,Al)3  to  1400°C,  but  not  to  1000°C.  The  fact  that  all  the  binary 
compounds,  Nb3Al,  Nb2Al,  NbAl3,  Nb5Si3  and  NbSi2,  have  formed  in  the  diffusion  multiple 
suggest  that  the  likelihood  of  one  phase  missing  is  very  low.  It  should  be  mentioned  that 
although  Brukl  et  al.  [32]  claimed  the  same  isothermal  section  (Fig.  1(a))  for  two  very  different 
temperatures  (500  and  1400°C),  the  likelihood  of  this  isothermal  section  being  an  equilibrium  one 
for  500°C  is  very  slim.  We  suggest  regarding  it  as  only  for  1400°C. 

The  phase  diagram  of  Brukl  et  al.  [32]  (Fig.  1(a))  suggested  very  low  solubility  of  Al  in 
aNb5Si3  at  1400°C,  but  that  of  Pan  et  al.  [33]  suggested  -  12  at.%  at  1500°C.  Our  result  showed  - 
8  at.%  at  1000°C,  supporting  the  result  of  Pan  et  al.  Pan  et  al.  drew  the  single-phase  field  of 
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ocNb5Si3  to  point  to  the  direction  of  NbAl3,  which  suggests  that  A1  substitutes  for  both  Nb  and  Si 
sites  in  aNb5Si3.  Our  results  (Fig.  4)  clearly  show  that  A1  substitutes  for  Si  only  in  ocNb5Si3.  Thus, 
the  direction  of  substitution  of  A1  in  aNbsSi3  in  Pan  et  al.  is  questionable.  At  1000°C,  we 
observed  very  little  solubility  of  Si  in  both  Nb3Al  and  Nb2Al,  and  only  ~  2at.%  in  NbAl3.  Si  only 
substitutes  for  Al  in  NbAl3,  and  Al  only  substitutes  for  Si  in  NbSi2  (Fig.4). 

Our  observation  of  a  direct  equilibrium  between  Nb5Si3  and  NbAl3  is  consistent  with  that  of 
both  Pan  et  al.  [33]  and  Murakami  et  al.  [13],  and  the  results  together  suggest  that  the  two  three- 
phase  equilibria  Nb3Si5Al2  +  (3Nb5(Si,Al)3  [NbioSi3Al3]  +  aNb5Si3  and  Nb3Si5Al2  +  PNb5(Si,Al)3 
[Nbi0Si3Al3]  +  NbAl3  shown  by  Brukl  et  al.  (Fig.  1(a))  are  very  likely  incorrect. 

The  alloying  effect  of  Al  in  Nb  silicide-based  composites  can  be  appreciated  by  examining 
the  Nb-Al-Si  phase  diagram  (Figs.  4  and  1).  Although  the  solubility  of  Al  in  ocNb5Si3  is  —  8  to  12 
at.%  depending  on  the  temperature,  but  it  is  only  ~  3  to  5  at.  %  when  in  equilibrium  with  the 
bcc(Nb)  phase  (the  two  major  phases  in  Nb  silicide  composites).  Thus,  when  the  Al  additions  to 
the  Nb-Si  alloys  are  beyond  ~3  at.%,  an  A  15-type  Nb3Al  phase  will  appear  in  the  ternary  system. 
The  solubility  of  Al  in  the  phases  will  be  strongly  dependent  on  the  Ti  concentration  in  the 
composites.  It  is  unknown  whether  the  A15  Nb3Al  phase  will  be  beneficial  or  detrimental  to 
creep-rupture  properties.  In  composites  with  Cr  additions,  the  Al  additions  may  help  promote  the 
C14  Laves  phase  instead  of  the  A15  Nb3Al  phase.  This  can  be  appreciated  by  examining  the  Nb- 
Cr-Al  phase  diagram.  Our  work  on  the  Nb-Cr-Al  ternary  system  will  be  reported  separately  [35]. 

The  phase  equilibrium  information  of  the  Nb-Al-Si  system  is  very  useful  for  the  design  of 
both  Nb  silicide  composites  and  coatings  for  these  composites.  This  is  one  of  the  key  systems  we 
would  like  to  perform  CALPHAD  modeling  and  add  the  data  into  the  developing  thermodynamic 
database  for  Nb  silicide  based  systems  [10,36-37]. 


4.  CONCLUSIONS 

Using  the  high-efficiency  diffusion-multiple  approach,  we  mapped  the  1000°C  isothermal 
section  of  the  Nb-Al-Si  ternary  system.  We  observed  one  ternary  compound,  Nb3Si5Al2  which 
was  reported  in  the  literature  before.  Based  on  the  crystal  structure  and  lattice  parameter 
information,  we  concluded  that  the  so-called  ternary  NbioSi3Al3  compound  is  actually  the  pNb^Sh 
stabilized  to  lower  temperature  by  Al  addition.  Al  stabilizes  this  phase  to  1400°C,  but  not  to 
1000°C.  The  Al  solubility  in  aNb5Si3  was  measured  ~  8  at.%  at  1000°C,  and  Al  only  substitutes 
on  the  Si  sites  in  the  compound.  Our  observation  of  a  direct  equilibrium  between  aNb5Si3  and 
NbAl3  is  consistent  with  that  of  both  Pan  et  al.  [33]  and  Murakami  et  al.  [13],  and  the  results 
together  suggest  that  the  phase  diagram  shown  by  Brukl  et  al.  (Fig.  1(a))  is  very  likely  incorrect. 
Our  equilibrium  phase  diagram  (Fig.  4)  helps  to  clarify  the  confusion  in  the  phases  and  equilibria 
of  this  ternary  system. 
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Figure  L  Isothermal  sections  of  the  Nb-Si-Al  system  from  the  literature:  (a)  500  and  1400  °C  (the 
same)  results  reported  by  Brukl  et  al.  [32],  (b)  a  partial  1500°C  isothermal  section  of  the  Nb-Si-Al 
system  by  Pan  et  al.  [33];  and  (c)  estimated  1200-1600  °C  isothermal  section  by  Murakami  et  al.  [13]. 


8 


(a) 


(b) 


Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Nb-Al-Si  ternary 
phase  diagram:  (a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for 
the  size  of  the  sample.  The  results  reported  in  this  work  were  all  obtained  from 
the  tri-junction  comer  of  Nb  -  NbSi2  -  NbAl3  circled  in  (a). 


Nb  1  oopn 


Figure  3.  Backscatter  electron  SEM  images  of  the  Nb-NbSi2-NbAl3  tri-junction  area  of  the 
diffusion  multiple  (Fig.  2)  annealed  at  1000°C  for  2000  hrs  showing  the  formation  of  many 
different  intermetallic  compounds,  including  one  ternary  compound,  Nb3Si5Al2.  (a)  a  low- 
magnification  image  showing  the  overall  tri-junction;  (b)  a  high-magnification  image  of  location  1 
in  (a);  (c)  a  high-magnification  image  of  location  2  in  (a)  showing  the  Nb3Al  phase;  and  (d)  a  high- 
magnification  image  of  location  2  in  (a)  showing  the  disappearance  of  both  Nb2Al  and  Nb3Al. 


Figure  4.  The  1000°C  isothermal  section  of  the  Nb-Al-Si  system  obtained  from  the  tri¬ 
junction  area  of  the  diffusion  multiple  annealed  at  1000°C  for  2000  hrs.  The  phase 
diagram  is  plotted  in  atomic  percent  axes  with  the  numbers  removed  for  simplicity.  The 
solid  triangle  indicates  well-defined  three-phase  triangles  and  the  open  circles  show  the 
tie-line  compositions.  The  tie-lines  are  shown  with  light  dotted  lines.  The  dashed  tie- 
triangles  were  estimated.  The  heavy  dotted  tie-triangles  were  guessed  three-phase 
equilibria  based  on  the  high  temperature  data  of  Allibert  et  al.  [34]  along  with  the  Al-Si 
binary  phase  diagram. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Nb-Ti-Al  ternary  system  which  is  critical  for  the  design  of  both  niobium  silicide-based 
composites  and  the  gamma  TiAl.  A  partial  isothermal  section  at  1200°C  was  constructed  from 
the  results  obtained  from  a  diffusion  multiple  made  up  of  Nb,  Ti,  TiAl3  and  TiSi2  and  annealed  at 
1200°C  for  1000  hours.  The  tie-line  and  tie-triangles  were  obtained  from  the  electron  probe 
microanalysis  (EPMA)  composition  profiles.  Crystal  structure  identification  was  made  using 
electron  backscatter  diffraction  (EBSD).  The  1200°C  isothermal  section  obtained  from  the 
present  study  agrees  well  with  majority  of  the  literature  results. 

Keywords :  Ti-Nb-Al,  diffusion  multiple,  TiAl,  phase  diagram,  intermetallics,  composites. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
Ti  significantly  improves  the  oxidation  resistance.  The  potential  application  of  these  composites 
at  very  high  temperatures  requires  a  balance  of  high  creep  resistance,  high  oxidation  resistance, 
and  good  low-temperature  damage  tolerance  (fracture  toughness).  To  achieve  such  a  property 
balance,  elements  such  as  Cr,  Ti,  Hf  and  A1  are  added  to  the  composites  and  significant  progress 
has  been  made  in  improving  the  properties  of  the  composites.  Some  of  the  alloying  concepts 
were  discussed  by  Zhao  et  al.  [7],  The  advanced  design  of  the  composites  requires  a  fair 
understanding  of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable 
definition  of  the  Nb-Hf-Si  system  has  been  achieved  [8-10],  our  effort  has  been  focused  on  the 
ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti- 
Cr,  and  Nb-Ti-Al.  Other  ternary  systems  related  to  this  six-element  system  such  as  Nb-Ti-Hf, 
Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have  either  good  data  or  are  less  critical 
for  the  design  of  the  Nb  silicide  composites.  We  will  report  the  results  of  the  Ti-Nb-Al  system  in 
the  present  paper  and  the  results  of  other  systems  will  be  communicated  separately. 
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The  Ti-Nb-Al  phase  diagram  is  also  very  important  for  the  development  of  yTiAl  since  Nb  is 
one  of  the  most  important  alloying  elements  in  TiAl-based  alloys.  Nb  is  very  effective  in 
improving  both  high  temperature  strength  and  oxidation  resistance  of  yTiAl.  For  this  reason,  there 
have  been  extensive  previous  investigations  on  the  phase  diagrams  of  the  Nb-Ti-Al  system  [11- 
35].  Even  with  these  two  dozens  of  investigations,  there  is  still  discrepancy  and  disagreement  on 
the  phase  diagram  of  this  ternary  system.  Several  isothermal  sections  at  1200  and  1150°C  are 
shown  in  Fig.  1.  Significant  difference  can  be  clearly  seen  among  these  phase  diagrams. 

The  major  discrepancy  in  the  Nb-Ti-Al  system  is  the  dispute  over  the  existence  of  the  yj- 
Al3NbTi  phase  which  has  a  relatively  large  solubility  range.  The  y,  phase  was  observed  at  1200 
°C  by  Popov  et  al.  with  a  stable  region  extended  to  51  at.%  Nb  [35].  This  phase  was  also  reported 
by  Zakharov  etal.  at  900  and  1200  °C  in  1980s  [33,34],  but  with  very  different  lattice  parameters. 
Zakharov  et  al.  later  disclaimed  and  removed  the  yi  phase  from  their  phase  diagrams  [28-30]. 
However,  the  discussion  around  the  yi  phase  came  back  when  Chen  et  al.  [21]  claimed  its 
existence  at  1000  to  1400°C,  strangely  with  yet  another  very  different  set  of  lattice  parameters. 
Jewett  [20]  questioned  Chen  et  al.' s  claim  of  this  phase  based  on  his  own  work  and  many  other 
studies.  Ding  and  Hao  [18],  in  reply  to  Jewett’s  questioning,  provided  results  to  support  the 
existence  of  the  yt  phase.  However,  this  phase  was  not  observed  by  many  other  independent 
investigations  on  the  alloys  with  compositions  in  the  claimed  yi  phase  region.  Hellwig  et  al.  [16] 
provided  a  good  review  on  the  discrepancy  around  the  yi  phase.  They  did  not  see  this  phase  in  a 
very  comprehensive  study  of  alloys  annealed  at  1000  and  1200  °C. 

A  high-efficiency  diffusion  multiple  approach  [36-39]  was  employed  to  map  the  Nb-Ti-Al 
phase  diagram  as  part  of  our  effort  to  map  the  above-mentioned  nine  ternary  systems  critical  to 
Nb  silicide  composite  design.  This  approach  is  ideally  suited  for  such  systems.  It  would  take 
thousands  of  alloys  to  determine  the  nine  ternary  systems  using  the  traditional  one-alloy-at-a-time 
(equilibrated  alloy)  approach.  For  instance,  it  took  Goldschmidt  and  Brand  [40]  about  220  alloys 
to  map  just  the  Nb-Cr-Si  ternary  system  and  similarly  about  135  alloys  were  employed  by 
Lysenko  et  al.  [41]  to  determine  the  Ti-Cr-Si  system.  The  comprehensive  study  of  the  Nb-Ti-Al 
system  by  Hellwig  et  al.  [16]  also  took  71  alloys  and  12  diffusion  couples.  These  alloys  have 
very  high  melting  temperatures  and  are  difficult  to  make  and  to  homogenize.  Extra  effort  also 
needs  to  be  taken  to  avoid  interstitial  (oxygen,  nitrogen,  carbon,  etc.)  contamination  during  alloy 
casting  and  heat  treatment.  In  contrast,  the  diffusion  multiple  approach  needs  only  a  few  cast 
alloys  and  the  samples  were  easy  to  make,  and  safe-guarding  against  the  interstitial  contamination 
can  be  very  easily  implemented  as  will  be  discussed  later.  The  general  diffusion  multiple 
approach  is  discussed  in  detail  previously  [36-39]  and  has  been  successfully  applied  to  many 
alloy  systems. 

Our  data  on  the  Nb-Ti-Al  system  will  help  judging  the  reliability  of  previous  literature  results 
on  the  phase  equilibria  of  this  important  ternary  system. 


2.  EXPERIMENTAL  METHOD 

A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  the  Fig.  2(a)  was 
made.  The  dimensions  were  designed  so  that  the  pieces  of  pure  elements  and  compounds  are 
much  larger  than  the  diffusion  distance,  thus  there  will  be  pure  elements  and  compounds  left  after 
the  long-term  diffusion  annealing.  To  avoid  the  low  melting  point  of  Al,  we  used  TiAl3 
compound  as  a  member  of  the  diffusion  multiple.  Both  this  compound  and  TiSL  (for  the  Ti-Si-Al 
system  which  will  be  reported  separately)  were  made  by  arc-melting.  They  were  then  cut  into 
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square  bars  of  7  x  7  x  25  mm  using  electro-discharge  machining  (EDM).  A  14  x  14  mm  square 
opening  was  cut  from  a  25.4  mm  diameter  by  25.4  mm  height  cylindrical  piece  of  pure  Ti.  The 
square  opening  was  cut  across  the  whole  height  of  the  Ti  piece.  Pieces  of  high  purity  Ti  and  Nb 
in  the  dimension  of  7  x  7  x  25  mm  were  also  machined  using  EDM.  The  re-cast  layer  on  the 
EDM’ed  surfaces  was  removed  by  mechanical  grinding  to  make  clean  surfaces.  The  pieces  were 
ultrasonically  cleaned  in  methanol  and  then  assembled  into  the  geometry  shown  in  Fig.  2(a).  The 
height  of  all  pieces  was  25  mm.  The  assembled  diffusion  multiple  was  then  loaded  into  hot 
isostatic  press  (HIP)  cans  made  of  commercial  purity  Ti,  which  is  schematically  shown  in  Fig. 
2(b).  A  25  |im  layer  of  Ta  foil  was  placed  between  the  diffusion  multiple  and  the  HIP  can  to 
isolate  any  interstitial  contaminants  that  may  diffuse  into  the  HIP  can  from  the  quartz  capsule 
during  long-term  annealing.  The  top  and  bottom  caps  of  the  HIP  can  were  electron  beam  welded. 
HIPing  was  performed  at  1204°C,  200MPa  for  4  hours.  The  HIP  can  containing  the  diffusion 
multiple  was  then  encapsulated  in  an  evacuated  quartz  tube  backfilled  with  pure  argon.  Since  Ti 
is  susceptible  to  oxygen  and  nitrogen  contamination,  it  is  critical  to  keep  the  diffusion  multiple 
from  interstitial  elements.  To  further  absorb  any  oxygen  that  may  diffuse  into  the  quartz  tube,  a 
packet  of  pure  yttrium  was  wrapped  in  Ta  foils  and  was  then  placed  inside  the  quartz  tube.  Thus, 
the  diffusion  multiple  was  protected  from  the  intersitials  (O,  N,  C,  etc.)  by  the  quartz  tube,  the 
pure  yttrium  absorber,  the  Ti  HIP  can,  and  the  Ta  diffusion  barrier.  The  encapsulated  sample  was 
then  annealed  at  1200°C  for  1000  hours.  After  the  heat  treatment,  the  diffusion  multiple  was 
taken  from  the  argon  furnace  and  cooled  down  to  ambient  temperature  by  breaking  the  quartz 
tube  and  quenching  the  diffusion  multiple  into  water.  The  diffusion  multiple  was  then  cut  into 
halves  parallel  to  the  ends  using  wire  EDM,  ground  and  polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle.  Electron  backscatter  diffraction  (EBSD)  analysis  was 
performed  to  obtain  crystal  structure  information  of  the  phases  formed  in  the  diffusion  multiple. 
Phase  identification  was  accomplished  by  a  direct  match  of  the  diffraction  bands  in  the 
experimental  backscatter  pattern  with  simulated  patterns  generated  using  known  structure  types 
and  lattice  parameters.  A  detailed  discussion  on  this  powerful  EBSD  technique  can  be  found  in 
Schwartz  et  al.  [42]. 


3.  RESULTS  AND  DISCUSSION 

Backscatter  electron  images  taken  from  the  Nb-Ti-TiAl3  tri-junction  (schematically  circled 
area  in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1200°C  for  1000  hrs  are  shown  in  Fig.  3. 
During  the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Nb,  Ti  and  Al  took 
place,  and  all  the  equilibrium  phases,  including  the  intermetallic  phases,  formed  by  interdiffusion 
reactions.  By  performing  EPMA  analysis  in  this  tri-junction  area,  an  extremely  large  amount  of 
phase  equilibrium  information  can  be  obtained  to  construct  the  isothermal  section  shown  in  Fig. 
4.  We  have  defined  the  whole  isothermal  section  (except  for  the  very  Al-rich  comer)  from  a 
comer  (tri-junction)  of  the  diffusion  multiple. 

The  tie-lines  reported  on  the  phase  diagram  were  defined  from  the  EPMA  line  profiles  by 
taking  advantage  of  the  local  equilibrium  at  interfaces  formed  among  the  phases.  Details  of  the 
methodology  can  be  found  elsewhere  [36-39]. 
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Our  isothermal  section  (Fig.  4)  agrees  well  with  the  majority  of  the  phase  diagram  data  of 
Hellwig  et  al.  [16]  (Fig.  1(a)),  Das  et  al.  [24]  (Fig.  1(b)),  Perepezko  et  al.  [31]  (Fig.  1(c)),  and 
Kaltenbach  et  al.  [32]  (Fig.  1(d)).  Overall,  our  results  agree  best  with  that  of  Hellwig  et  al.  [16] 
(Fig.  1(a)).  Still,  the  following  areas  show  some  subtle  differences  (Fig  1(a)  vs.  Fig.  4):  the  aTi  + 
(3  +  yTiAl  three-phase  region,  the  a  phase  composition  in  the  p  +  8  +  o  three-phase  region,  the 
width  of  the  yTiAl  single-phase  region,  etc.  Hellwig  et  al.  [16]  showed  a  Ti3Al  phase  region  in 
dashed  lines  near  the  Ti-rich  comer  (Fig.  1(a)),  this  phase  should  not  exist  in  equilibrium 
according  to  the  well-established  binary  Ti-Al  phase  diagram  [43-48]. 

Perepezko’ s  group  reported  a  separate  a  phase  island  in  the  1200°C  isothermal  sections  (Fig. 
1(b)  and  (c)).  The  location  of  this  island  changed  significantly  from  their  1990  publication  [31] 
to  1993  publication  [24],  Fig.  1(b)  vs  Fig.  1(c).  We  did  not  see  indication  of  such  an  island. 

The  composition  of  the  P  phase  in  the  P  +  a  +  yTiAl  three-phase  region  reported  by 
Kaltenbach  et  al.  [32],  Fig.  1(d),  is  significantly  different  from  our  results  and  those  of  others. 
Figures  4  and  1(a)  to  (c)  together  indicate  that  this  composition  reported  by  Kaltenbach  et  al.  may 
not  be  very  reliable.  The  rest  of  their  phase  diagram  is  consistent  with  our  results  and  these  in  the 
literature. 

We  included  the  1 150°C  section  from  Chen  et  al.  [21]  in  Fig.  1(e)  for  discussion  related  to 
the  question  of  the  Yi  phase.  They  reported  that  this  phase  was  stable  up  to  1400°C,  thus  it  should 
exist  at  1200°C  as  well.  We  employed  EBSD  to  try  to  look  for  this  phase.  In  the  process,  we 
input  the  three  different  kinds  of  lattice  parameters  of  the  yi  phase  into  our  crystal  stmcture 
database  and  allowed  the  EBSD  system  to  match  to  any  of  these  structures.  No  EBSD  pattern 
matched  any  of  the  three  crystal  structures.  Therefore,  we  did  not  see  indication  of  this  phase. 
Our  results  agree  with  those  reported  in  Figs  1(a)  to  1(d).  Several  EBSD  patterns  of  the 
intermetallic  compounds  are  shown  in  Fig.  5. 

It  seems  that  there  were  precipitate  particles  in  certain  regions  of  the  o  (Nb2Al)  and  8  (Nb3Al) 
as  shown  in  Fig.  3(d).  We  thought  they  might  be  the  bet  0  phase  (space  group:  141/amd,  a  = 
0.5106  and  c  =  2.8168  nm)  identified  by  Leonard  et  al.  [12,13].  This  phase  is  not  stable  at 
1200°C,  but  exists  as  an  equilibrium  phase  at  lower  temperatures.  They  can  precipitate  from  both 
the  o  and  8  phases  when  the  sample  was  cooled  from  1200°C  to  room  temperature.  We  were 
unable  to  get  high  quality  EBSD  patterns  to  confirm  this  phase,  but  the  likelihood  of  this  exists. 

It  can  be  seen  that  from  only  a  comer  of  a  diffusion  multiple,  we  have  mapped  almost  the 
entire  isothermal  section  (except  for  the  liquid  Al  phase  region)  of  the  Nb-Ti-Al  system.  The 
high  efficiency  of  the  diffusion  multiple  approach  as  compared  to  the  individual  alloys  and 
diffusion  couples  is  very  apparent. 


4.  CONCLUSIONS 

An  isothermal  section  of  the  Nb-Ti-Al  ternary  system  at  1200°C  was  obtained  based  on 
EPMA  analysis  from  the  Nb-Ti-TiAl3  tri-junction  region  of  a  diffusion  multiple  annealed  at 
1200°C  for  1000  hours.  We  employed  the  EBSD  technique  to  look  for  the  yi  phase  which  was 
reported  in  several  previous  investigations  and  disputed  by  others.  We  did  not  see  indication  of 
the  yi  phase.  We  did  not  see  indication  of  a  second  a  phase  region  (island)  reported  by 
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Perepezko’s  group.  Our  1200°C  isothermal  section  agrees  well  with  majority  of  the  literature 
data  at  this  temperature.  Our  results  together  with  those  reported  by  Hellwig  et  al.  [16],  Das  et  al. 
[24],  Perepezko  et  al.  [31]  indicate  that  the  composition  of  the  (3  phase  in  the  (3  +  cr  +  yTiAl  three- 
phase  region  reported  by  Kaltenbach  et  al.  [32]  may  be  very  far  off. 
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Figure  1.  Several  isothermal  sections  of  the  Ti-Nb-Al  system  at  1200  and  1 150°C  reported  in  the 
literature:  (a)  1200°C  section  from  Hellwig  et  al.  [16],  (b)  1200°C  section  from  Das  et  al.  [24],  (c)  1200°C 


section  from  Perepezko  et  al.  [31],  (d)  1200°C  section  from  Kaltenbach  et  al.  [32],  and  (e)  1 150°C  section 
from  Chen  et  al.  [21].  It  can  be  seen  that  significant  discrepancy  exists  in  the  reported  phase  diagrams. 
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Figure  1 .  (Continued). 
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Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Ti-Nb-Al  ternary 
phase  diagram:  (a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for 
the  size  of  the  sample.  The  results  reported  in  this  work  were  all  obtained  from 
the  tri -junction  comer  of  Ti  -  Nb  -  TiAl3  circled  in  (a). 


Figure  3.  Continued  with  caption  on  next  page 


Figure  3.  Backscatter  electron  SEM  images  of  the  Ti  -  Nb  -  TiAl3  tri-junction  area  of  the  diffusion 
multiple  (Fig.  2)  annealed  at  1200°C  for  1000  hrs  showing  the  formation  of  many  different  phases 
and  intermetallic  compounds:  (a)  a  low-magnification  image  showing  the  overall  tri-junction;  (b)  a 
high-magnification  image  of  box  1  in  (a);  (c  )  a  high-magnification  image  of  box  2  in  (a);  and  (d)  a 
high-magnification  image  of  box  3  in  (a). 


Figure  4.  The  1200°C  isothermal  section  of  the  Ti-Nb-Al  system  obtained  from  the  Ti- 
Nb-TiAl3  tri-junction  area  of  the  diffusion  multiple  (Fig.  2)  annealed  at  1200°C  for 
1000  hrs.  The  phase  diagram  is  plotted  in  atomic  percent  axes  with  the  numbers 
removed  for  simplicity.  The  solid  triangle  indicates  well-defined  three-phase  triangles 
and  the  open  circles  show  the  tie-line  compositions.  The  tie-lines  are  shown  with  light 
dotted  lines. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Ti-Cr-Si  ternary  system  which  is  critical  for  the  design  of  niobium  silicide-based  composites. 
These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet  engine 
applications.  The  formation  of  the  Laves  phase  and  alloying  with  Ti  are  critical  for  the  high 
oxidation  resistance  of  the  composites  and  the  Ti-Cr-Si  system  serves  as  the  base  for 
understanding  the  Laves  phase  formation  and  Ti  alloying.  The  Ti-Cr-Si  ternary  system  which 
contains  up  to  14  phases  also  serves  as  a  model  system  to  test  the  applicability  of  the  diffusion 
multiple  approach  to  such  complex  systems.  Two  isothermal  sections  at  1000  and  1200  °C  were 
constructed  from  the  results  obtained  from  diffusion  multiples  using  scanning  electron 
microscopy  (SEM),  electron  probe  microanalysis  (EPMA),  and  electron  backscatter  diffraction 
(EBSD).  One  ternary  compound  (Cr,Ti)6Si5  was  observed  at  both  temperatures,  and  the  high- 
temperature  C14-Laves  phase  of  the  Cr-Ti  binary  system  was  stabilized  by  Si  to  lower 
temperatures.  The  results  compare  well  with  literature  data  and  some  discrepancies  are 
discussed. 

Keywords:  Ti-Cr-Si,  diffusion  multiple,  Laves  phase,  silicide,  phase  diagram. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
Ti  and  Cr  significantly  improves  the  oxidation  resistance.  The  potential  application  of  these 
composites  at  very  high  temperatures  requires  a  balance  of  high  creep  resistance,  high  oxidation 
resistance,  and  good  low-temperature  damage  tolerance  (fracture  toughness).  To  achieve  such  a 
property  balance,  elements  such  as  Cr,  Ti,  Hf  and  A1  are  added  to  the  composites  and  significant 
progress  has  been  made  in  improving  the  properties  of  the  composites.  Some  of  the  alloying 
concepts  were  discussed  by  Zhao  et  al.  [7].  The  advanced  design  of  the  composites  requires  a  fair 
understanding  of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable 
definition  of  the  Nb-Hf-Si  system  has  been  achieved  [8-10],  our  effort  has  been  focused  on  the 
ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti- 
Cr,  and  Nb-Ti-Al.  Other  ternary  systems  related  to  this  six-element  system  such  as  Nb-Ti-Hf, 
Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have  either  good  data  or  are  less  critical 
for  the  design  of  the  Nb  silicide  composites.  We  will  report  the  results  of  the  Ti-Cr-Si  system  in 
the  present  paper  and  the  results  of  other  systems  will  be  communicated  separately. 
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In  addition  to  the  Nb  silicide  based  composites,  Ti5Si3  is  also  pursued  as  one  of  the  candidate 
materials  (based  on  its  high  melting  point  (2130  °C)  and  low  density)  for  high-temperature 
applications  with  potential  higher  operating  temperatures  than  those  of  Ni-base  superalloys  [11- 
13].  However,  Ti5Si3  itself  suffers  from  poor  oxidation  resistance.  With  the  addition  of  chromium, 
its  oxidation  resistance  can  be  improved.  Theoretical  calculations  also  showed  that  Cr  additions 
to  TisSi3  would  enhance  the  bonding  between  atoms  [14],  which  would  improve  mechanical 
properties  of  this  compound.  Thus,  the  Ti-Cr-Si  phase  diagram  will  also  be  very  valuable  for  the 
design  of  TisSi3  based  composites. 


The  high-efficiency  “diffusion  multiple”  approach  [15-18]  is  ideally  suited  for  mapping  phase 
diagrams  of  these  ternary  systems.  It  would  take  thousands  of  alloys  to  determine  the  above- 
mentioned  ternary  systems  using  the  traditional  one-alloy-at-a-time  (equilibrated  alloy)  approach. 
For  instance,  it  took  Goldschmidt  and  Brand  [19]  about  220  alloys  to  map  just  the  Nb-Cr-Si 
ternary  system  and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [20]  to  determine 
the  Ti-Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are  difficult  to  make 
and  to  homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial  (oxygen,  nitrogen, 
carbon,  etc.)  contamination  during  alloy  casting  and  heat  treatment.  In  contrast,  the  diffusion 
multiple  approach  needs  only  a  few  cast  alloys  (no  alloy  for  the  Ti-Cr-Si  system)  and  the  samples 
are  easy  to  make,  and  safe-guarding  against  the  interstitial  contamination  can  be  very  easily 
implemented  as  will  be  discussed  later.  The  general  diffusion  multiple  approach  was  discussed  in 
detail  previously  [15-18]  and  has  been  successfully  applied  to  many  alloy  systems. 


For  the  ease  of  understanding  the  complex  phase  equilibria  in  the  Ti-Cr-Si  system,  the 
constitutive  binary  phase  diagrams  of  Cr-Si  [21],  Ti-Cr  [22]  and  Ti-Si  [22]  are  briefly  discussed 
here.  The  crystal  structures  of  the  phases  in  the  binary  and  the  ternary  system  are  listed  in  Table 
1  [23]. 


Table  1.  Crystal  structure  of  phases  in  the  Ti-Cr-Si  ternary  system  [23], 
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The  Cr-Si  phase  diagram  was  well  assessed  by  Gokhale,  et  al.  [21]  and  it  has  four 
intermetallic  compounds:  Cr3Si,  Cr5Si3,  CrSi,  and  CrSi2.  The  Cr5Si3  phase  undergoes  a 
polymorphic  transformation  at  1505  °C  with  tetragonal  structure  at  low  temperature.  Although 
the  high-temperature  crystal  structure  of  f}Cr5Si3  has  not  been  determined,  it  was  assumed  to  be 
the  same  crystal  structure  as  TisSi3  [24]. 

The  Ti-Cr  binary  system  has  three  Cr2Ti-based  Laves  phases:  the  low-temperature  cubic  Cl 5 
(cF24)  which  is  stable  at  temperatures  <  1220  °C,  the  intermediate-temperature  dihexagonal  C36 
(/iP24)  stable  between  800-1270  °C,  and  the  high-temperature  hexagonal  C14  (/zP12)  stable  at 
temperatures  >  1270  °C  [22,  25,26].  The  effect  of  Si  on  the  stabilization  of  these  Laves  phases 
can  be  appreciated  by  studying  the  Ti-Cr-Si  system. 

The  Ti-Si  binary  system  [22]  has  five  intermetallic  compounds,  Ti3Si,  Ti5Si3,  Ti5Si4,  TiSi,  and 
TiSi2.  A  thermodynamic  assessment  of  this  system  was  done  by  Seifert  et  al.  [21]. 

A  1000°C  isothermal  section  of  the  Ti-Cr-Si  system  was  constructed  by  Lysenko  et  al.  [20] 
based  on  135  alloys  annealed  at  1000  °C  for  650  to  1200  hours  (depending  on  the  alloys),  and  is 
shown  in  Fig.  1.  The  Ti5Si4  phase  which  is  an  equilibrium  phase  for  the  binary  Ti-Si  system  was 
missing  from  the  phase  diagram  reported  by  Lysenko  et  al.  due  to  the  fact  that  no  alloys  were 
made  around  the  Ti5Si4  composition.  Du  et  al.  [28]  re-determined  the  1000°C  isothermal  section 
of  the  ternary  system  using  35  additional  alloys.  They  arc  melted  these  alloys  and  annealed  them 
at  1000°C  and  800°C  for  505  and  1056  hours  respectively.  X-ray  diffraction  (XRD)  and 
differential  thermal  analysis  (DTA)  were  performed  on  these  annealed  alloys.  They  found 
essentially  no  change  in  the  DTA  signals  from  these  two  different  heat  treatments  for  all  these 
alloys  except  one  alloy  (OsoTisSi^)  for  which  they  reported  that  equilibrium  was  not  reached 
after  1056  hours  annealing  at  800°C.  The  phases  determined  from  XRD  from  these  two  different 
heat  treatments  were  also  the  same  for  all  the  alloys  except  for  two  (Cr5oTi5Si45  and  Cr40Ti5Si55). 
Du  et  al.  [28]  did  find  the  equilibrium  TisSi4  phase.  The  results  of  Du  et  al.  were  essentially 
similar  to  those  of  Lysenko  et  al.  Both  their  results  will  be  discussed  in  this  paper  in  detail  later. 


2.  EXPERIMENTAL  METHOD 

A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  the  Fig.  2(a)  was 
made.  The  inner  and  outer  circle  diameters  were  15.6  and  25.4  mm  respectively  to  guarantee  that 
the  dimensions  of  the  pure  element  pieces  are  much  larger  than  the  diffusion  distance,  thus  there 
will  be  pure  elements  left  after  the  long  term  diffusion  anneal.  High  purity  Nb,  Cr,  Si  and  Ti  were 
machined  into  the  proper  shapes  (quarter  pies  and  round  shells,  Fig.  2(a))  by  electro-discharge 
machining  (EDM).  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by  mechanical 
grinding  to  make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol  and  then 
assembled  into  the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25  mm.  The 
assembled  diffusion  multiples  were  then  loaded  into  hot  isostatic  press  (HIP)  cans  made  of 
commercial  purity  Ti,  which  is  schematically  shown  in  Fig.  2(b).  A  25  Jim  layer  of  Ta  was  placed 
between  the  diffusion  multiples  and  the  HEP  cans  to  isolate  any  interstitial  contaminants  that  may 
diffuse  into  the  HEP  can  from  the  quartz  capsule  during  long  term  annealing.  The  top  and  bottom 
caps  of  the  HIP  can  were  electron  beam  welded.  HIPing  was  performed  at  1204  °C,  200MPa  for  4 
hrs.  The  HIP  cans  containing  the  diffusion  multiples  were  then  encapsulated  in  evacuated  quartz 
tubes  backfilled  with  pure  argon.  Since  both  Nb  and  Ti  are  susceptible  to  oxygen  and  nitrogen 
contamination,  it  is  critical  to  keep  the  diffusion  multiples  from  interstitial  elements.  To  further 
absorb  any  oxygen  that  may  diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium  was  wrapped  in 
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Ta  foils  and  was  then  placed  inside  each  quartz  tube.  Thus,  the  diffusion  multiples  were  protected 
from  the  intersitials  (O,  N,  C,  etc.)  by  the  quartz  tube,  the  pure  yttrium  absorber,  the  Ti  HEP  can, 
and  the  Ta  diffusion  barrier.  The  encapsulated  samples  were  then  annealed  at  two  different 
temperatures  (1200°C  for  1000  hrs  and  1000  °C  for  4000  hrs).  Two  identical  diffusion  multiples 
were  made  and  each  was  annealed  at  one  temperature.  After  the  heat  treatment,  the  diffusion 
multiples  were  taken  from  the  argon  furnace  and  cooled  down  to  ambient  temperature  by 
breaking  the  quartz  tube  and  quenching  the  diffusion  multiples  into  water.  The  diffusion 
multiples  were  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and  polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle.  Electron  backscatter  diffraction  (EBSD)  analysis  was 
performed  to  obtain  crystal  structure  information  of  the  phases  formed  in  the  diffusion  multiple. 
Phase  identification  was  accomplished  by  a  direct  match  of  the  diffraction  bands  in  the 
experimental  backscatter  pattern  with  simulated  patterns  generated  using  known  structure  types 
and  lattice  parameters.  A  detailed  discussion  on  this  powerful  EBSD  technique  can  be  found  in 
Schwartz  et  al.  [29]. 


3.  RESULTS  AND  DISCUSSION 

A  backscatter  electron  image  taken  from  the  Ti-Cr-Si  tri-junction  (schematically  circled  area 
in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1200  °C  for  1000  hrs  is  shown  in  Fig.  3.  During 
the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Ti,  Cr  and  Si  took  place,  and  all 
the  equilibrium  phases,  including  the  intermetallic  phases,  formed  by  interdiffusion  reactions.  By 
performing  EPMA  analysis  in  this  tri-junction  area,  an  extremely  large  amount  of  phase 
equilibrium  information  was  obtained  and  the  1200°C  isothermal  section  of  the  Ti-Cr-Si  system 
was  constructed  as  shown  in  Fig.  4.  We  have  defined  most  of  the  important  tie-triangles  (three- 
phase  equilibria)  and  additional  three-phase  equilibria  were  estimated.  We  did  not  obtain  some  of 
tie-triangles  due  to  cracking  of  brittle  phases  during  sample  cutting,  grinding  and  polishing.  The 
tie-lines  are  defined  from  the  EPMA  line  profiles  by  taking  advantage  of  the  local  equilibrium  at 
interfaces  formed  among  the  phases.  Details  of  the  methodology  can  be  found  elsewhere  [15-18]. 

The  1000°C  isothermal  section  was  also  constructed  from  EPMA  analyses  of  the  diffusion 
multiple  annealed  at  1000°C  for  4000  hours,  as  shown  in  Fig.  5.  The  major  differences  between 
this  one  and  the  1200°C  isothermal  section  are  the  solubilities  of  the  elements  in  several  phases. 
For  instance,  the  solubility  of  Cr  in  the  (Ti,Cr)5Si3  phase  reduced  from  -45  at.%  (all  compositions 
are  discussed  in  atomic  percent  throughout  this  paper)  to  -30%  as  temperature  changed  from 
1200°C  to  1000°C.  Similarly,  the  solubility  of  Ti  in  the  (Cr,Ti)5Si3  phase  reduced  from  -8%  to 
-5%;  the  solubility  of  Ti  in  (Cr,Ti)3Si  reduced  from  -12%  to  -3%;  the  solubility  of  Si  in  the 
Laves  phase  reduced  from  -20%  to  -10%.  The  solubility  of  Si  in  Ti-based  bcc  solid-solution 
also  changed  appreciably  as  temperature  changed  from  1200°C  to  1000°C.  This  may  induce 
precipitation  hardening  of  (Ti,Cr)5Si3  in  the  bcc  phase.  There  is  very  little  change  of  the  stability 
(composition)  range  of  the  fCr,Ti)6Si5  phase  from  1200°C  to  1000°C. 

The  main  features  of  the  phase  diagrams  obtained  by  Lysenko  et  al.  [20],  Fig.  1,  and  Du  et  al. 
[28]  were  confirmed  from  our  experimental  observations.  These  common  features  include  the 
existence  of  (Cr.Ti^Sis  and  its  composition  range  as  well  as  most  of  the  three-phase  equilibria. 
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Some  differences  were  observed:  the  solubility  of  Cr  in  the  (Ti,Cr)5Si3  phase  was  -30%  at 
1000°C  which  is  quite  different  from  -45%  reported  by  Lysenko  et  al.  and  Du  et  al.  [28]  at 
1000°C.  Their  result  was  very  close  to  our  1200°C  data.  Our  result  showed  the  solubility  of  Ti  in 
the  (Cr,Ti)3Si  phase  -5%  at  1000°C,  their  result  was  -20%  (Our  result  even  at  1200°C  is  only 
-12%).  The  solubility  of  Si  in  the  Laves  phase  was  -10%  at  1000°C  based  on  our  experimental 
result,  while  they  reported  -20%  (Our  result  at  1200°C  was  -20%).  Overall,  their  1000°C 
isothermal  sections,  especially  the  one  Du  et  al.  reported  (modified  from  Lysenko  et  al.)  are  very 
much  like  our  1200°C  isothermal  section. 

It  is  very  likely  that  many  of  the  alloys,  especially  the  Cr  and  Ti  rich  alloys  with  very  high 
melting  points,  used  by  Lysenko  et  al.  and  Du  et  al.  had  not  reached  equilibrium  after  only  505  to 
1200  hours  anneal  at  1000°C.  Many  of  the  high-melting  alloys,  such  as  Nb-Ti-Si  alloys  studied 
by  Bewlay  et  al.  [8,  30]  and  Nb-Hf-Si  alloys  studied  by  Zhao  et  al.  [9]  possess  very  slow  kinetics, 
and  they  would  not  be  at  equilibrium  after  being  annealed  at  1000  °C  for  only  1200  hours.  For 
instance,  even  after  annealed  at  1500°C  for  100  hours,  several  Nb-Hf-Si  alloys  still  had  not 
reached  full  equilibrium  [9].  It  is  very  likely  that  the  Cr  and  Ti  rich  Ti-Cr-Si  alloys  would 
possess  similar  slow  kinetics  as  well,  thus  difficult  to  reach  full  equilibrium.  This  argument  is 
supported  by  the  following  observations.  Firstly,  the  single-phase  region  of  the  Laves  phase  sat  at 
40%  Ti  all  the  way  to  Ti-Cr  binary  in  the  phase  diagram  reported  by  Lysenko  et  al.  (Fig.  1), 
which  conflicts  with  established  binary  Ti-Cr  phase  diagram.  Villars  et  al.  [31]  modified  it  to 
35%  in  their  ternary  phase  diagram  handbook.  Du  et  al.  [28]  did  similar  modification.  The  reason 
Lysenko  et  al.  observed  single  phase  Laves  at  40%  Ti  might  well  be  due  to  fact  that  the  primary 
solidification  Laves  did  not  decompose  into  the  equilibrium  phases,  thus  these  alloys  did  not 
reach  equilibrium.  Secondly,  the  fact  the  1000°C  isothermal  sections  by  Lysenko  et  al.  and  Du  et 
al.,  especially  the  one  Du  et  al.  reported  (modified  from  Lysenko  et  al.)  are  very  much  like  our 
1200°C  isothermal  section  indicates  that  solubility  of  some  of  phases  can  be  very  high  (e.g.  45% 
Cr  in  (Ti,Cr)5Si3)  at  high  temperature  and  especially  from  solidification.  If  the  decomposition 
process  did  not  complete  due  to  slow  kinetics,  then  they  would  show  artificially  high  solubilities 
in  the  1000°C  isothermal  sections.  The  likelihood  of  reaching  equilibrium  at  phase  interfaces  is 
much  higher  in  our  case  since  we  annealed  the  diffusion  multiple  at  1000°C  for  4000  hours. 

We  argue  that  the  diffusion  multiples  make  it  easier  to  form  equilibrium  phases  especially  for 
alloys  with  very  sluggish  decomposition  kinetics.  This  is  somewhat  counter-intuitive:  one  would 
think  that  the  equilibrated  alloy  method  (melting,  casting  and  heat  treatment  of  individual  alloys) 
is  the  ultimate  “gold-standard”  for  equilibrium.  However,  since  it  involves  the  process  of 
solidification  and  heat  treatment,  true  equilibrium  can  be  difficult  to  reach  if  the  solid-state 
decomposition  process  is  sluggish  for  some  of  the  phases  (as  in  the  case  of  several  Nb-base 
systems).  In  the  diffusion  multiples,  there  is  no  such  problem  since  all  the  phases  form  by 
diffusion  reactions  at  the  temperature  of  interest  (heat  treatment).  The  phases  formed  should  all 
be  equilibrium  phases  and  local  equilibrium  at  the  phase  interface  would  give  the  equilibrium 
phase  diagram.  The  diffusion  multiple  approach  is  not  fool-proof  either:  in  rare  occasions  one  of 
the  phases  did  not  form  by  interdifiusion  reactions.  The  exact  reason  for  this  is  still  not  well 
understood.  However,  for  phases  with  narrow  stoichiometry  surrounded  by  phases  with  broad 
stoichiometry  and  higher  diffusivity,  the  phases  with  narrow  stoichiometry  may  be  reduced  to 
interfacial  phases  (near  zero  thickness)  for  lower  temperatures.  Fortunately,  all  these  instances 
occurred  at  temperatures  below  half  of  the  homologous  melting  points.  Even  though  the 
occurrence  was  very  rare,  one  should  always  be  watchful  for  the  possibility  of  missing  phases 
(especially  at  low  temperatures)  when  using  diffusion  couples  and  diffusion  multiples  in  mapping 
phase  diagrams.  In  the  case  of  Ti-Cr-Si,  we  are  very  confident  that  the  phase  diagrams  (Figs.  4 
and  5)  we  obtained  are  equilibrium  ones  since  all  the  binary  phases  appeared  and  all  the 
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confirmed  ternary  compounds  were  observed.  It  is  always  a  good  check  to  see  whether  all  the 
binary  phases  and  reported  ternary  phases  appear. 

As  mentioned  earlier,  Cr2Ti  shows  three  types  of  crystal  structures,  cubic  C15,  hexagonal 
C14  and  dihexagonal  C36.  Only  C36  in  Cr-Ti  binary  system  and  C14  stabilized  by  Si  were 
observed  in  EMPA  data.  Unfortunately,  EBSD  cannot  differentiate  C14  from  C36.  The  crystal 
structures  of  the  Laves  phases  in  Figs.  4  and  5,  thus  are  our  guesses  based  on  information  from 
the  binary  Ti-Cr  phase  diagram. 

We  observed  the  Ti5Si4  phase  and  also  reasonable  solubility  of  Cr  up  to  ~7%  (at  1000°C). 
Lysenko  et  al.  completely  missed  this  phase  and  Du  et  al.  did  not  observe  the  solubility  since 
only  two  alloys  were  prepared  in  the  area  which  were  not  enough  to  find  the  solubility  (unless 
EPMA  was  used  -  they  did  not  perform  EPMA  analysis). 

It  is  interesting  to  compare  the  Ti-Cr-Si  system  to  Nb-Cr-Si  [32].  The  ternary  hP9  CrNbSi 
compound  exists  in  the  Nb-Cr-Si  system,  but  its  analog  (CrTiSi)  does  not  exist  in  the  Ti-Cr-Si 
system.  Also,  the  (Cr,Nb)nSis  phase  appears  in  the  Nb-Cr-Si,  but  its  analog  does  not  exist  in  the 
Ti-Cr-Si  system.  Both  systems  have  the  (Cr,Ti,Nb)6Si5  phase.  Depending  on  the  solubility  of  Ti 
in  the  NbCrSi,  Ti  additions  to  the  Nb  silicide  based  composites  may  de-stabilize  this  phase.  The 
quaternary  information  obtained  from  the  quadri-junction,  the  center  of  Fig.  2(a)  where  four 
elements  met,  of  the  diffusion  multiple  may  provide  critical  data. 

The  phase  equilibrium  information  of  the  Ti-Cr-Si  system  is  very  useful  for  the  design  of 
both  Nb  silicide  composites  and  coatings  for  these  composites.  It  is  also  very  useful  for  design  of 
Ti5Si3-based  alloys.  The  phase  diagrams  show  large  flexibility  of  alloying  Ti;Si3  with  Cr,  and 
can  be  used  to  predict  the  phases  that  will  form  in  the  Cr-added  Ti5Si3  alloys.  The  Ti-Cr-Si 
system  is  one  of  the  key  systems  for  which  we  are  performing  CALPHAD  modeling  and  will  add 
the  data  into  the  developing  thermodynamic  database  for  Nb  silicide  based  systems  [10,33,34], 
Our  data  provide  good  input  to  the  thermodynamic  modeling. 


4.  CONCLUSIONS 

The  results  of  this  work  clearly  demonstrate  the  power  and  the  high-efficiency  of  the 
diffusion-multiple  approach  to  map  phase  diagrams  of  systems  as  complex  as  the  Ti-Cr-Si  ternary 
which  contains  14  phases,  including  one  ternary  compound,  (Cr,Ti)5Sis.  Two  isothermal  sections 
at  1000  and  1200  °C  were  constructed  from  the  results  obtained  from  two  diffusion  multiples 
using  scanning  electron  microscopy  (SEM)  and  electron  probe  microanalysis  (EPMA).  The 
results  were  compared  to  the  literature  data  and  similarities  and  differences  discussed. 
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Figure  1.  Isothermal  section  of  the  Ti-Cr-Si  system  at  1000°C  constructed  by  Lysenko  et  al. 
[20]  based  on  135  alloys  annealed  at  1000°C  for  650  to  1200  hours.  The  open  circles  represent 
single  phase  regions,  half-filled  circles  denote  2-phase  regions,  and  filled  circles  (dots)  refer  to 
3-phase  regions.  Note  the  Ti5Si4  equilibrium  phase  was  missing  in  the  phase  diagram.  The  Cr 
and  Ti  rich  alloys  may  not  have  reached  equilibrium  as  will  be  discussed  later. 
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Figure  2.  Diffusion  multiples  for  efficient  mapping  of  the  Ti-Cr-Si  ternary  phase  diagrams 
(a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for  the  size  of  the  sample. 


Figure  3.  Backscatter  electron  SEM  image  of  the  Ti-Cr-Si  tri-junction  area  of  the  diffusion 
multiple  annealed  at  1200°C  for  1000  hrs  showing  the  formation  of  many  different 
intermetallic  compounds,  including  the  ternary  compounds,  (Cr,Ti)6Si5  (oI44). 


Figure  4.  The  1200°C  isothermal  section  of  the  Ti-Cr-Si  system  obtained  from  the  tri-junction 
area  of  the  diffusion  multiple  annealed  at  1200°C  for  1000  hours.  The  phase  diagram  is 
plotted  in  atomic  percent  axes  with  the  numbers  removed  for  simplicity.  The  solid  triangle 
indicates  well-defined  three-phase  triangles  and  the  open  circles  show  the  tie-line 
compositions.  The  tie-lines  are  shown  with  dotted  lines.  The  dashed  triangles  are  guessed 
three-phase  equilibria. 


C36  Cl  5 


Figure  5.  The  1000°C  isothermal  section  of  the  Ti-Cr-Si  system  obtained  from  the  tri-junction 
area  of  the  diffusion  multiple  annealed  at  1 000°C  for  4000  hours.  The  phase  diagram  is 
plotted  in  atomic  percent  axes  with  the  numbers  removed  for  simplicity.  The  solid  triangle 
indicates  well-defined  three-phase  triangles  and  the  open  circles  show  the  tie-line 
compositions.  The  tie-lines  are  shown  with  dotted  lines.  The  dashed  triangles  are  guessed 
three-phase  equilibria. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Ti-Si-Al  ternary  system  which  is  critical  for  the  design  of  niobium  silicide-based  composites. 
These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet  engine 
applications.  A  partial  isothermal  section  at  1000°C  was  constructed  from  the  results  obtained 
from  diffusion  multiples  using  scanning  electron  microscopy  (SEM)  and  electron  probe 
microanalysis  (EPMA).  One  ternary  compound  Al2Si5Ti3  was  observed  in  the  composition  ranges 
created  by  interdiffusion  among  Ti,  TiAl3,  and  TiSi2.  The  AfSijT^  phase  has  about  35  at.%  Ti 
and  it  has  ~7  at.%  variation  of  A1  and  Si  (substitution).  The  Si  solubility  in  TiAl3  was  found  to  be 
-13  at.%  Si  at  1000°C.  The  A1  solubility  in  the  Ti  silicides  (Ti3Si,  Ti5Si3,  Ti5Si4,  TiSi,  TiSi2) 
were  all  very  low.  More  information  of  the  Ti-Si-Al  system  can  be  obtained  from  this  diffusion 
multiple  in  the  future. 

Keywords'.  Ti-Si-Al,  diffusion  multiple,  silicide,  phase  diagram. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
Ti  significantly  improves  the  oxidation  resistance.  The  potential  application  of  these  composites 
at  very  high  temperatures  requires  a  balance  of  high  creep  resistance,  high  oxidation  resistance, 
and  good  low-temperature  damage  tolerance  (fracture  toughness).  To  achieve  such  a  property 
balance,  elements  such  as  Cr,  Ti,  Hf  and  A1  are  added  to  the  composites  and  significant  progress 
has  been  made  in  improving  the  properties  of  the  composites.  Some  of  the  alloying  concepts 
were  discussed  by  Zhao  et  al.  [7].  The  advanced  design  of  the  composites  requires  a  fair 
understanding  of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable 
definition  of  the  Nb-Hf-Si  system  has  been  achieved  [8-10],  our  effort  has  been  focused  on  the 
ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti- 
Cr,  and  Nb-Ti-Al.  Other  ternary  systems  related  to  this  six-element  system  such  as  Nb-Ti-Hf, 
Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have  either  good  data  or  are  less  critical 
for  the  design  of  the  Nb  silicide  composites.  We  will  report  the  results  of  the  Ti-Si-Al  system  in 
the  present  paper  and  the  results  of  other  systems  will  be  communicated  separately. 

In  addition  to  the  Nb  silicide  based  composites,  Ti5Si3  is  also  pursued  as  one  of  the  candidate 
materials  (based  on  its  high  melting  point  (2130  °C)  and  low  density)  for  high-temperature 
applications  with  potential  higher  operating  temperatures  than  those  of  Ni-base  superalloys  [11- 
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13].  However,  Ti5Si3  itself  suffers  from  poor  oxidation  resistance.  With  the  addition  of  Al,  its 
oxidation  resistance  may  improve.  The  Ti-Si-Al  phase  diagram  is  also  useful  for  potential 
development  of  intermetallics  based  on  Ti3Al  and  TiAl  with  Si  additions  [14],  Thus,  the  Ti-Si-Al 
phase  diagram  is  very  valuable  for  the  design  of  high  temperature  composites. 

The  high-efficiency  “diffusion  multiple”  approach  [15-18]  is  ideally  suited  for  mapping  phase 
diagrams  of  the  above  mentioned  Nb  and  Ti-based  ternary  systems.  It  would  take  thousands  of 
alloys  to  determine  the  nine  ternary  systems  using  the  traditional  one-alloy-at-a-time  (equilibrated 
alloy)  approach.  For  instance,  it  took  Goldschmidt  and  Brand  [19]  about  220  alloys  to  map  just 
the  Nb-Cr-Si  ternary  system  and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [20] 
to  determine  the  Ti-Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are 
difficult  to  make  and  to  homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial 
(oxygen,  nitrogen,  carbon,  etc.)  contamination  during  alloy  casting  and  heat  treatment.  In 
contrast,  the  diffusion  multiple  approach  needs  only  a  few  cast  alloys  and  the  samples  were  easy 
to  make,  and  safe-guarding  against  the  interstitial  contamination  can  be  very  easily  implemented 
as  will  be  discussed  later.  The  general  diffusion  multiple  approach  is  discussed  in  detail 
previously  [15-18]  and  has  been  successfully  applied  to  many  alloy  systems. 

The  constitutive  binary  phase  diagrams  of  the  Ti-Si-Al  system,  i.e.  Ti-Si  [21],  Ti-Al  [21-28], 
and  Al-Si  [21]  and  are  already  available  in  the  literature.  The  crystal  structures  of  the  phases  in 
the  binaries  and  the  ternary  system  are  listed  in  Table  1  [29].  The  Ti-Si  binary  system  [21]  has 
five  intermetallic  compounds,  Ti3Si,  Ti3Si3.  Ti5Si4,  TiSi,  and  TiSi2.  A  thermodynamic  assessment 
of  this  system  was  done  by  Seifert  et  al.  [30].  We  adopted  the  Ti-Al  phase  diagram  by  Okamoto 
[27]  as  our  binary  reference  with  the  Al-rich  part  of  the  phase  diagram  recently  refined  by  Palm  et 
al.  [28].  The  Al-Si  system  is  a  simple  eutectic. 

Table  1.  Crystal  structure  of  phases  in  the  Ti-Si-Al  ternary  system  [29]. 
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There  were  a  few  previous  investigations  on  the  Ti-Si-Al  ternary  phase  diagram  in  the 
literature  [31-35],  Two  isothermal  sections  are  shown  in  Fig.  1.  These  results  will  be  discussed 
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in  detail  later.  There  is  confusion  on  the  phase  formation.  Our  work  will  provide  additional  data 
to  help  better  define  this  ternary  system. 


2.  EXPERIMENTAL  METHOD 

A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  the  Fig.  2(a)  was 
made.  The  dimensions  were  designed  so  that  the  pieces  of  pure  elements  and  compounds  are 
much  larger  than  the  diffusion  distance,  thus  there  will  be  pure  elements  and  compounds  left  after 
the  long-term  diffusion  annealing.  To  avoid  the  low  melting  point  of  Al,  we  used  both  TiSi2  and 
TiAlj  compounds  as  members  of  the  diffusion  multiple.  Both  these  compounds  were  made  by 
arc-melting.  They  were  then  cut  into  square  bars  of  7  x  7  x  25  mm  using  electro-discharge 
machining  (EDM).  A  14  x  14  mm  square  opening  was  cut  from  a  25.4  mm  diameter  by  25.4  mm 
height  cylindrical  piece  of  pure  Ti.  The  square  open  was  cut  across  the  whole  height  of  the  Ti 
piece.  Pieces  of  high  purity  Ti  and  Cr  in  the  dimension  of  7  x  7  x  25  mm  were  also  machined 
using  EDM.  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by  mechanical  grinding  to 
make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol  and  then  assembled  into 
the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25  mm.  The  assembled  diffusion 
multiple  was  then  loaded  into  hot  isostatic  press  (HIP)  cans  made  of  commercial  purity  Ti,  which 
is  schematically  shown  in  Fig.  2(b).  A  25  |J.m  layer  of  Ta  foil  was  placed  between  the  diffusion 
multiple  and  the  HIP  can  to  isolate  any  interstitial  contaminants  that  may  diffuse  into  the  HP  can 
from  the  quartz  capsule  during  long-term  annealing.  The  top  and  bottom  caps  of  the  HP  can  were 
electron  beam  welded.  HPing  was  performed  at  1204°C,  200MPa  for  4  hours.  The  HP  can 
containing  the  diffusion  multiple  was  then  encapsulated  in  an  evacuated  quartz  tube  backfilled 
with  pure  argon.  Since  Ti  is  susceptible  to  oxygen  and  nitrogen  contamination,  it  is  critical  to 
keep  the  diffusion  multiple  from  interstitial  elements.  To  further  absorb  any  oxygen  that  may 
diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium  was  wrapped  in  Ta  foils  and  was  then  placed 
inside  the  quartz  tube.  Thus,  the  diffusion  multiple  was  protected  from  the  intersitials  (O,  N,  C, 
etc.)  by  the  quartz  tube,  the  pure  yttrium  absorber,  the  Ti  HP  can,  and  the  Ta  diffusion  barrier. 
The  encapsulated  sample  was  then  annealed  at  1000°C  for  2000  hours.  After  the  heat  treatment, 
the  diffusion  multiple  was  taken  from  the  argon  furnace  and  cooled  down  to  ambient  temperature 
by  breaking  the  quartz  tube  and  quenching  the  diffusion  multiple  into  water.  The  diffusion 
multiple  was  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and  polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle. 


3.  RESULTS  AND  DISCUSSION 

A  backscatter  electron  image  taken  from  the  Ti-TiSi2-TiAl3  tri-junction  (schematically  circled 
area  in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1000°C  for  1000  hrs  is  shown  in  Fig.  3. 
During  the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Ti,  Si  and  Al  took 
place,  and  all  the  equilibrium  phases,  including  the  intermetallic  phases,  formed  by  interdiffusion 
reactions.  By  performing  EPMA  analysis  in  this  tri-junction  area,  an  extremely  large  amount  of 
phase  equilibrium  information  can  be  obtained.  Unfortunately  the  EPMA  analysis  was  halted 
during  the  run  due  to  an  equipment  problem.  Thus,  only  partial  result  was  obtained  for  the 
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1 000°C  isothermal  section  of  the  Ti-Si-Al  system,  as  shown  in  Fig.  4.  We  have  defined  three  tie- 
triangles  (three-phase  equilibria)  and  additional  three-phase  equilibria  were  estimated  based  on 
the  arrangement  of  the  phases  in  the  diffusion  multiple  (Fig.  3).  The  tie-lines  are  defined  from 
the  EPMA  line  profiles  by  taking  advantage  of  the  local  equilibrium  at  interfaces  formed  among 
the  phases.  Details  of  the  methodology  can  be  found  elsewhere  [15-18].  If  the  EPMA  analysis 
were  complete,  we  would  have  obtained  all  the  phase  equilibrium  information  in  the  composition 
range  generated  by  interdiffusion  among  Ti,  TiSi2  and  TiAl3. 

.  The  first  work  on  the  Ti-Si-Al  system  was  performed  by  Crossley  and  Turner  [31]  who  studied 
the  very  Ti-rich  comer  at  600  to  1000°C  and  also  two  partial  isopleths  near  the  Ti-rich  comer  at  2 
and  6  wt.%  Al.  Schob  et  al.  [32]  subsequently  constructed  an  isothermal  section  at  1200°C  as 
shown  in  Fig.  1(a).  They  observed  one  ternary  compound  Ti(Si,Al)2  (C-49)  and  suggested  that  it 
had  the  ZrSi2  type  crystal  structure  (oC12,  space  group:  Cmcm).  They  found  that  Ti5Si3  was  in 
equilibrium  with  all  the  Ti  aluminides  (Ti3Al,  TiAl,  TiAl3).  The  other  phases  on  binary  Ti-Al  and 
Ti-Si  systems,  a-Ti,  TiAl2  and  Ti3Si,  were  not  considered  due  to  the  unavailability  of  good  Ti-Al 
and  Ti-Si  binary  phase  diagrams  at  the  time.  The  Ti5Si4  phase  was  proposed  by  Schob  et  al.,  but 
no  crystal  structure  or  related  phase  relations  were  provided  in  Fig.  1(a).  Raman  and  Schubert 
[33]  constructed  a  700°C  isothermal  section  of  the  Ti-Si-Al  system  and  confirmed  majority  of  the 
phase  relations  reported  by  Schob  et  al.  They  reported  two  ternary  phases,  AlSi3Ti2  and 
Al5Sii2Ti7.  The  AlSi3Ti2  phase  is  essentially  the  same  as  Ti(Si,Al)2  since  they  have  the  same 
crystal  structure  and  very  similar  lattice  parameters.  The  AfSi^Tf  phase  was  reported  to  have  a 
tetragonal  structure  (rI24,  space  group:  14,/amd).  Villars  et  al.  [36]  revised  the  AlSi3Ti2  to 
Al2Si5Ti3  according  to  the  sample  composition  Ali9Si50Ti31  prepared  by  Raman  and  Schubert.  We 
adopted  their  designation  of  the  phase  Al2Si5Ti3  in  our  present  work.  The  solubility  of  Si  in  TiAl3 
is  13  at.%  Si  based  on  our  data  (at  1000°C),  which  is  about  3  at.%  higher  than  that  reported  by 
Schob  et  al.  for  1200°C. 

Zakharov  et  al.  [34]  studied  the  phase  equilibria  of  the  Ti-Si-Al  system  in  the  composition 
region  of  10  to  14  wt.%  Si  and  0  to  6  wt.%  Ti.  They  constructed  three  partial  isopleths  at  constant 
Si  concentrations  of  10,  12  and  14  wt.%.  They  claimed  that  the  two  ternary  phases  reported  by 
Raman  and  Schubert  were  not  confirmed.  Instead,  they  suggested  a  ternary  phase  Al3Si2Ti2  with 
a  relatively  narrow  homogeneity  range  (Si:  26.4-29.7,  Ti:  29.7-30.4,  and  Al  balance,  at.%),  but 
they  were  unable  to  decipher  the  X-ray  diffraction  patterns  of  this  phase.  The  existence  of  this 
phase  needs  to  be  confirmed. 

We  have  observed  one  ternary  compound  Al2Si5Ti3  in  the  composition  ranges  created  by 
interdiffusion  among  Ti,  TiAl3,  and  TiSi2.  The  Al2Si5Ti3  phase  has  -  35  at.%  Ti  and  it  has  ~7 
at.%  variation  of  Al  and  Si  (substitution).  The  Si  solubility  in  TiAl3  was  found  to  be  ~13  at.%  Si 
at  1000°C.  The  Al  solubilities  in  the  Ti  silicides  (Ti3Si,  Ti5Si3,  Ti5SLt,  TiSi,  TiSi2)  were  all  very 
low.  More  information  of  the  Ti-Si-Al  system  can  be  obtained  from  this  diffusion  multiple  in  the 
future. 

Our  work  cannot  confirm  or  un-confirm  the  existence  of  the  other  ternary  phase  Al5Si12Ti7. 
This  is  because  the  diffusion  path  between  TiSi2  and  TiAl3  only  passed  through  the  Al2Si5Ti3 
phase,  the  Al5Sii2Ti7  composition  is  outside  the  composition  region  covered  by  the  interdiffusion 
among  Ti,  TiSi2  and  TiAl3. 

Very  recently,  Azevedo  and  Flower  studied  the  Ti-rich  comer  of  the  Ti-Si-Al  system  both 
experimentally  and  also  using  the  CALPHAD  modeling.  The  composition  region  they  covered 
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did  not  involve  the  ternary  phases.  However,  the  Ti3Si  phase  which  is  an  equilibrium  phase  was 
completely  missing  from  their  analysis  and  modeling. 

Although  only  partial  data  of  the  Ti-Si-Al  ternary  system  were  collected,  the  partial 
isothermal  section  at  1000°C  provides  some  useful  information.  First  of  all,  we  confirmed  the 
existence  of  the  Al2Si5Ti3  phase,  which  supports  the  work  of  Schob  et  al.  as  well  as  Raman  and 
Schubert;  and  together  we  suggest  the  dismissal  of  this  phase  by  Zakharov  et  al.  maybe  incorrect. 
Secondly,  we  observed  two  three-phase  equilibria:  Al2Si5Ti3  +  TiSi  +  TiSi2  and  Al2Si5Ti3  +  TiSi  + 
TiAl3,  which  are  consistent  with  the  work  of  Schob  et  al.  (Fig.  1(a)).  The  phase  relations  are 
different  from  those  reported  by  Raman  and  Schubert  (Fig.  1(b)).  If  the  result  of  Raman  and 
Schubert  is  correct,  then  there  must  exist  a  four-phase  reaction:  (Al2Si5Ti3  +  TiSi  +  TiSi2)  + 
(AFSi5Ti3  +  AfS i iTi-  +  TiSi2)  ( Al2Si3Ti3  +  AfSUTi-  +  TiSii)  +  ( AloSATi}  +  TiSi  + 

Al5Si12Ti7). 


The  phase  equilibrium  information  of  the  Ti-Si-Al  system  is  very  useful  for  the  design  of 
both  Nb  silicide  composites  and  coatings  for  these  composites.  It  is  also  very  useful  for  design  of 
Ti5Si3-based  alloys.  Thus,  this  ternary  system  is  one  of  the  key  systems  for  which  we  would  like 
to  perform  CALPHAD  modeling  and  to  add  the  data  into  the  developing  thermodynamic  database 
for  Nb  silicide  based  systems  [10,37,38].  Our  data  serve  as  useful  input  to  the  thermodynamic 
modeling. 


4.  CONCLUSIONS 

A  partial  isothermal  section  of  the  Ti-Si-Al  ternary  system  at  1000°C  was  obtained  based 
EPMA  analysis  from  the  Ti-TiSi2-TiAl3  tri-junction  region  of  a  diffusion  multiple  annealed  at 
1000°C  for  2000  hours.  One  ternary  phase,  Al2Si5Ti3,  was  observed  which  shows  a  constant  Ti 
concentration  of  ~  35  at.%,  and  -7  at.%  variation  of  Al  and  Si  (substitution).  The  Si  solubility  in 
TiAl3  was  found  to  be  -13  at.%  Si  at  1000°C.  The  Al  solubility  in  the  Ti  silicides  (Ti3Si,  Ti5Si3, 
Ti5Si4,  TiSi,  TiSi2)  were  all  very  low.  More  information  of  the  Ti-Si-Al  system  can  be  obtained 
from  this  diffusion  multiple  in  the  future. 
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Figure  1.  Isothermal  sections  from  the  literature  of  the  Ti-Si-Al  system:  1200°C  isothermal  section 
reported  by  Schob  et  al.  [32];  and  (b)  700  isothermal  section  reported  by  Raman  and  Schubert  [33], 


Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Ti-Si-Al  ternary 
phase  diagram:  (a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for 
the  size  of  the  sample.  The  results  reported  in  this  work  were  all  obtained  from 
the  tri-junction  comer  of  Ti  -  TiSi2  -  TiAl3  circled  in  (a). 


8 


TiSi 


2  AI2Si5Ti3  .Jfc 


mi 


TigS^TigSisy. 


m 


’"y^y 


BSfctf 

”  ,^”n£;  A 


sv 


an-TioAl 


T.3S.  Ti5Si3 


ao-TioAl 


<. •/#  {$L 

.^i|| 


fy;j 


t&vWk 

vV  .  */jj 


TioAl 


V  :7 *5? 

A'f .  ’fstis. 

.'"-■••  :A- 


/ 


Figure  3.  Backscatter  electron  SEM  images  of  the  Ti  -  TiSi2  -  TiAl3  tri-junction  area  of  the 
diffusion  multiple  (Fig.  2)  annealed  at  1000°C  for  2000  hrs  showing  the  formation  of  many 
different  intermetallic  compounds,  including  one  ternary  compound,  Al2Si5Ti3:  (a)  a  low- 
magnification  image  showing  the  overall  tri-junction;  and  (b)  a  high-magnification  image  of  the 
area  in  (a)  shown  with  a  rectangular  box. 


Figure  4.  The  1000°C  isothermal  section  of  the  Ti-Si-Al  system  obtained  from  the  Ti  - 
TiSi2  -TiAl3  tri-junction  area  of  the  diffusion  multiple  (Fig.  2)  annealed  at  1000°C  for 
2000  hrs.  The  phase  diagram  is  plotted  in  atomic  percent  axes  with  the  numbers 
removed  for  simplicity.  The  solid  triangle  indicates  well-defined  three-phase  triangles 
and  the  open  circles  show  the  tie-line  compositions.  The  tie-lines  are  shown  with  light 
dotted  lines.  The  dashed  triangles  show  estimated  three-phase  equilibria. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Nb-Cr-Ti  ternary  system  which  is  critical  for  the  design  of  niobium  silicide-based  composites. 
These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet  engine 
applications.  The  formation  of  the  Laves  phase  and  alloying  with  Ti  are  critical  for  the  high 
oxidation  resistance  of  the  composites  and  the  Nb-Cr-Ti  system  serves  as  the  base  for 
understanding  the  Laves  phase  formation  and  Ti  alloying.  Three  isothermal  sections  at  1000, 
1150  and  1200  °C  were  constructed  from  the  results  obtained  from  diffusion  multiples  using 
scanning  electron  microscopy  (SEM),  electron  probe  microanalysis  (EPMA),  and  electron 
backscatter  diffraction  (EBSD).  The  results  help  to  define  the  relative  stability  of  the  C15  and 
C36  Laves  phases  in  the  Nb-Cr-Ti  ternary  system. 

Keywords :  Nb-Cr-Ti,  diffusion  multiple,  Laves  phase,  phase  diagram,  composites,  intermetallics. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
Ti  and  Cr  significantly  improve  the  oxidation  resistance.  The  potential  application  of  these 
composites  at  very  high  temperatures  requires  a  balance  of  high  creep  resistance,  high  oxidation 
resistance,  and  good  low- temperature  damage  tolerance  (fracture  toughness).  To  achieve  such  a 
property  balance,  elements  such  as  Cr,  Ti,  Hf  and  A1  are  added  to  the  composites  and  significant 
progress  has  been  made  in  improving  the  properties  of  the  composites.  Some  of  the  alloying 
concepts  were  discussed  by  Zhao  et  al.  [7].  The  advanced  design  of  the  composites  requires  a  fair 
understanding  of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable 
definition  of  the  Nb-Hf-Si  system  has  been  achieved  [8-10],  our  effort  has  been  focused  on  the 
ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti- 
Cr,  and  Nb-Ti-Al.  Other  ternary  systems  related  to  this  six-element  system  such  as  Nb-Ti-Hf, 
Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have  either  good  data  or  are  less  critical 
for  the  design  of  the  Nb  silicide  composites.  We  will  report  the  results  of  the  Nb-Cr-Ti  system  in 
the  present  paper  and  the  results  of  other  systems  will  be  communicated  separately. 


In  addition  to  the  Nb  silicide  based  composites,  Laves  phase  based  composites  are  also 
pursued  as  candidates  of  high  temperature  structural  materials  [11-15]  because  of  their  high 
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melting  points  and  good  retention  of  mechanical  properties  to  elevated  temperatures.  The  Nb-Cr- 
Ti  system  serves  as  an  important  base  for  understanding  the  stability  of  the  Laves  phases. 


The  high-efficiency  “diffusion  multiple”  approach  [16-19]  is  ideally  suited  for  mapping  phase 
diagrams  of  the  above  mentioned  Nb  and  Ti-based  ternary  systems.  It  would  take  thousands  of 
alloys  to  determine  the  nine  ternary  systems  using  the  traditional  one-alloy-at-a-time  (equilibrated 
alloy)  approach.  For  instance,  it  took  Goldschmidt  and  Brand  [20]  about  220  alloys  to  map  just 
the  Nb-Cr-Si  ternary  system  and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [21] 
to  determine  the  Ti-Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are 
difficult  to  make  and  to  homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial 
(oxygen,  nitrogen,  carbon,  etc.)  contamination  during  alloy  casting  and  heat  treatment.  In 
contrast,  the  diffusion  multiple  approach  needs  only  a  few  cast  alloys  and  the  samples  were  easy 
to  make,  and  safe-guarding  against  the  interstitial  contamination  can  be  very  easily  implemented 
as  will  be  discussed  later.  The  general  diffusion  multiple  approach  is  discussed  in  detail 
previously  [16-19]  and  has  been  successfully  applied  to  many  alloy  systems. 


The  constitutive  binary  phase  diagrams  of  the  Nb-Cr-Ti  system,  i.e.  Nb-Cr  [22],  Ti-Cr  [23- 
25],  and  Nb-Ti  [22]  and  are  already  available  in  the  literature.  The  crystal  structures  of  the 
phases  in  the  binaries  are  listed  in  Table  1  [26]. 


Table 


1 .  Crystal  structure  of  phases  in  the  Nb-Cr-Ti  ternary  system  [26]. 


System 

Pearson 

Symbol 

Space 

Group 

a  (nm) 

c  (nm) 

7 

Nb 

c/2 

0.33067 

Cr 

c/2 

KEjSjKH 

0.28847 

aTi 

hP2 

P63/mmc 

0.29512 

0.46845 

120° 

JI I _ 

0.33066 

i  _ 

Cr2Nb  (C14  Laves) 

hP\2 

P63/mmc 

0.4931 

0.8123 

120° 

Cr2Nb  (Cl 5  Laves) 

CF24 

Fd3m 

0.695 

aCr2Ti  (C15  Laves) 

cF24 

EEES9M1 

0.691 

(3Cr2Ti  (C36  Laves) 

hP24 

Pb^/mmc 

0.4932 

0.8005 

120° 

7Cr2Ti  (Cl 4  Laves) 

hP!2 

P63/mmc 

0.4932 

1.601 

120° 

The  Nb-Cr  phase  diagram  [22],  Fig.  1(a),  shows  two  NbCr2-based  Laves  phases  with  the 
high-temperature  hexagonal  C14  (hP\2)  and  low-temperature  cubic  C15  (cF24)  structures.  The 
transformation  takes  place  at  ~  1585  to  1625  °C.  The  Ti-Cr  binary  system  has  three  Cr2Ti-based 
Laves  phases  (Fig.  1(b)):  the  low-temperature  cubic  C15  (cF24)  which  is  stable  at  temperatures  < 
1220  °C,  the  intermediate-temperature  dihexagonal  C36  (hP24)  stable  between  800-1270  °C,  and 
the  high-temperature  hexagonal  C14  (AP12)  stable  at  temperatures  >  1270  °C  [23-25].  The  Nb-Ti 
system  is  a  relatively  simple  one  without  any  ternary  compound  phase  [27].  The  bcc  phase  is 
completely  soluble  at  elevated  temperatures. 

There  have  been  several  previous  investigations  on  the  Nb-Cr-Ti  ternary  system  [27-31], 
Several  isothermal  sections  from  1900  to  800°C  were  constructed  and  6  isopleths  were  also 
constructed.  These  results  were  obtained  from  more  than  a  hundred  alloys  annealed  at  various 
temperatures.  The  relative  stability  of  the  Laves  phases  is  still  not  very  clear.  The  present  work 
will  contribute  to  the  understanding  of  this  ternary  system  by  providing  more  experimental  data. 
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2.  EXPERIMENTAL  METHOD 


Three  diffusion  multiples  with  the  cross-section  view  shown  schematically  in  the  Fig.  2(a) 
were  made.  The  inner  and  outer  circle  diameters  were  15.6  and  25.4  mm  respectively  to  guarantee 
that  the  dimensions  of  the  pure  element  pieces  are  much  larger  than  the  diffusion  distance,  thus 
there  will  be  pure  elements  left  after  the  long  term  diffusion  anneal.  High  purity  Nb,  Cr,  Si  and 
Ti  were  machined  into  the  proper  shapes  (quarter  pies  and  round  shells,  Fig.  2(a))  by  electro¬ 
discharge  machining  (EDM).  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by 
mechanical  grinding  to  make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol 
and  then  assembled  into  the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25  mm. 
The  assembled  diffusion  multiples  were  then  loaded  into  hot  isostatic  press  (HIP)  cans  made  of 
commercial  purity  Ti,  which  is  schematically  shown  in  Fig.  2(b).  A  25  pm  layer  of  Ta  was  placed 
between  the  diffusion  multiples  and  the  HIP  cans  to  isolate  any  interstitial  contaminants  that  may 
diffuse  into  the  HIP  can  from  the  quartz  capsule  during  long  term  annealing.  The  top  and  bottom 
caps  of  the  HIP  can  were  electron  beam  welded.  HIPing  was  performed  at  1204  °C,  200MPa  for  4 
hrs.  The  HIP  cans  containing  the  diffusion  multiples  were  then  encapsulated  in  evacuated  quartz 
tubes  backfilled  with  pure  argon.  Since  both  Nb  and  Ti  are  susceptible  to  oxygen  and  nitrogen 
contamination,  it  is  critical  to  keep  the  diffusion  multiples  from  interstitial  elements.  To  further 
absorb  any  oxygen  that  may  diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium  was  wrapped  in 
Ta  foils  and  was  then  placed  inside  each  quartz  tube.  Thus,  the  diffusion  multiples  were  protected 
from  the  intersitials  (O,  N,  C,  etc.)  by  the  quartz  tube,  the  pure  yttrium  absorber,  the  Ti  HIP  can, 
and  the  Ta  diffusion  barrier.  The  encapsulated  samples  were  then  annealed  at  three  different 
temperatures  (1200  °C  for  1000  hrs,  1150°C  for  2000  hrs,  and  1000  °C  for  4000  hrs).  Three 
identical  diffusion  multiples  were  made  and  each  was  annealed  at  one  temperature.  After  the  heat 
treatment,  the  diffusion  multiples  were  taken  from  the  argon  furnace  and  cooled  down  to  ambient 
temperature  by  breaking  the  quartz  tube  and  quenching  the  diffusion  multiples  into  water.  The 
diffusion  multiples  were  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and 
polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle.  Electron  backscatter  diffraction  (EBSD)  analysis  was 
performed  to  obtain  crystal  structure  information  of  the  Laves  phases  formed  in  the  diffusion 
multiple.  Phase  identification  was  accomplished  by  a  direct  match  of  the  diffraction  bands  in  the 
experimental  backscatter  pattern  with  simulated  patterns  generated  using  known  structure  types 
and  lattice  parameters.  A  detailed  discussion  on  this  powerful  EBSD  technique  can  be  found  in 
Schwartz  et  al.  [32], 


3.  RESULTS  AND  DISCUSSION 

Backscatter  electron  (BSE)  images  taken  from  the  Nb-Cr-Ti  tri-junction  (schematically 
circled  area  in  Fig.  2(a))  and  the  Ti-Cr  binary  area  of  the  diffusion  multiple  annealed  at  1150  °C 
for  2000  hrs  are  shown  in  Fig.  3.  During  the  long-term  diffusion  treatment,  extensive 
interdiffusion  among  Nb,  Cr  and  Ti  took  place,  and  all  the  equilibrium  phases,  including  the 
Laves  phases,  formed  by  interdiffusion  reactions.  By  performing  EPMA  analysis  in  this  tri¬ 
junction  area,  diffusion  profiles  were  obtained.  The  tie-lines  are  defined  from  the  EPMA  line 
profiles  by  taking  advantage  of  the  local  equilibrium  at  interfaces  formed  among  the  phases. 
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These  tie-lines  were  employed  to  construct  the  1150°C  isothermal  section  of  the  Nb-Cr-Ti 
system,  Fig.  4(b).  Similar  isothermal  sections  at  1200°C  and  1000°C  were  also  constructed  from 
EMPA  analyses  of  the  samples  annealed  at  the  respective  temperature.  Details  of  the 
methodology  can  be  found  elsewhere  [16-19]. 

Since  the  average  atomic  number  density  of  the  C15  and  C36  Laves  phase  is  very  similar,  it 
is  difficult  to  differentiate  these  two  Laves  phases  using  only  the  BSE  images  (Fig.  3).  We  could 
see  the  phase  boundary  between  the  Cl 5-  and  C36-Laves  phases  in  the  high  contrast  BSE  image 
taken  from  the  Ti-Cr  binary  area  (Fig.  3(b))  by  taking  advantage  of  twinning  of  the  dihexagonal 
C36  Laves  structure.  EBSD  patterns  were  collected  and  they  confirmed  the  two  Laves  crystal 
structures. 

It  can  be  seen  that  at  the  three  temperatures  tested,  the  C15  Laves  phase  was  isomorphous 
(completely  soluble)  from  Nb-Cr  binary  to  the  Ti-Cr  binary.  The  C36  Laves  phase  was  only 
stable  at  Nb  concentration  <  ~11  at%.  Such  stability  information  was  not  obtained  in  previous 
literature  investigations. 

Figure  5  compares  the  Cr  solubility  in  the  bcc(Nb,Ti)  phase  at  three  different  compositions 
(Nb/Ti  ratios).  It  can  be  seen  that  the  results  from  three  independent  groups  showed  excellent 
agreement. 

The  phase  equilibrium  information  of  the  Nb-Cr-Ti  system  is  very  useful  for  the  design  of 
both  Nb  silicide  composites  and  coatings  for  these  composites.  It  is  also  very  useful  for  design  of 
Laves  phase  based  alloys.  We  would  like  to  refine  the  thermodynamic  description  of  this  ternary 
system  based  on  our  new  results  and  to  add  the  data  into  the  developing  thermodynamic  database 
for  Nb  silicide  based  systems  [10,33,34],  Our  data  provide  good  input  to  the  thermodynamic 
modeling. 


4.  CONCLUSIONS 

Three  isothermal  sections  at  1000,  1150  and  1250  °C  of  the  Nb-Cr-Ti  ternary  system  were 
constructed  based  on  electron  probe  microanalysis  and  electron  backscatter  diffraction  of  three 
diffusion  multiples  annealed  at  these  temperatures  for  4000,  2000  and  1000  hours  respectively. 
The  diffusion  multiples  were  made  up  of  Nb,  Cr,  Ti  and  Si  as  shown  in  Fig.  2.  The  stability  of 
the  C15  and  C36  Laves  at  the  temperatures  were  defined.  The  C15  Laves  is  continuous  from  the 
Nb-Cr  binary  to  the  Ti-Cr  binary,  whereas  the  C36  Laves  is  only  stable  at  Nb  concentration  <  ~ 
1 1  at.%.  The  solubility  of  Cr  in  the  bcc(Nb,Ti)  solid  solutions  was  very  well  defined  from  the 
present  work. 
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Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Nb-Cr-Ti  ternary  phase  diagrams: 
(a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for  the  size  of  the  sample.  The 
results  reported  in  this  work  were  all  obtained  from  the  tri-junction  comer  of  Nb  -  Cr  -  Ti 
circled  in  (a). 
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Figure  3.  Backscatter  electron  SEM  images  of  the  Nb  -  Cr  -  Ti  tri-junction  area  of  the  diffusion 
multiple  (Fig.  2)  annealed  at  1 150°C  for  2000  hours  showing  the  formation  of  the  Laves  phases 
C15  and  C36:  (a)  the  overall  tri-junction;  and  (b)  image  taken  from  the  Ti-Cr  binary  region  of 
the  diffusion  multiple  showing  the  formation  of  both  C15  and  C36  Laves  phases. 
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Figure  4.  Isothermal  sections  of  the  Nb-Cr-Ti  system  obtained  from  the  Nb-Cr-Ti  tn -junction  area  of 
the  diffusion  multiples  (Fig.  2):  (a)  1200°C,  (b)  1 150°C,  and  (c)  1000°C.  The  phase  diagrams  are 
plotted  in  atomic  percent  axes  with  the  numbers  removed  for  simplicity.  The  dashed  triangles 
indicate  estimated  three-phase  equilibria  and  the  open  circles  show  the  tie-line  compositions.  The  tie 
lines  are  shown  with  light  dotted  lines.  The  heavy  dotted  lines  represent  estimated  phase  boundaries. 
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Figure  5.  Comparison  of  data  on  the  Cr  solubility  in  bcc(Nb,Ti)  solid  solution  of  three  different 
compositions:  (a)  Ti-25  at.%Nb  alloy  (Ti/Nb  =  3),  (b)  Nb-50at.%Ti  alloy  (Nb/Ti  =  1),  and  (c)  Nb-25 
at.%Ti  (Nb/Ti  =  3)  alloy.  The  results  from  three  independent  investigations  show  excellent  agreement. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Nb-Ti-Si  ternary  system  which  is  critical  for  the  design  of  niobium  silicide-based  composites. 
These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet  engine 
applications.  Titanium  is  one  of  the  most  important  elements  for  oxidation  resistance  and  fracture 
toughness  enhancement.  Three  isothermal  sections  of  Nb-Ti-Si  at  1000,  1150  and  1200°C  were 
constructed  from  the  results  obtained  from  diffusion  multiples  using  scanning  electron 
microscopy  (SEM),  electron  probe  microanalysis  (EPMA),  and  electron  backscatter  diffraction 
(EBSD).  Extremely  high  solubility  of  Nb  in  Ti5Si4  (up  to  ~  46  at.%Nb  at  1200°C,  substituting  for 
Ti)  was  observed. 

Keywords'.  Nb-Ti-Si,  diffusion  multiple,  silicide,  phase  diagram. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
Ti  significantly  improves  the  high  temperature  oxidation  resistance  and  room  temperature 
fracture  toughness.  The  potential  application  of  these  composites  at  very  high  temperatures 
requires  a  balance  of  high  creep  resistance,  high  oxidation  resistance,  and  good  low-temperature 
damage  tolerance  (fracture  toughness).  To  achieve  such  a  property  balance,  elements  such  as  Ti, 
Cr,  Hf  and  A1  are  added  to  the  composites  and  significant  progress  has  been  made  in  improving 
the  properties  of  the  composites.  Some  of  the  alloying  concepts  were  discussed  by  Zhao  et  al. 
[7].  The  advanced  design  of  the  composites  requires  a  fair  understanding  of  the  phase  equilibria 
in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable  definition  of  the  Nb-Hf-Si  system  has  been 
achieved  [8-10],  our  effort  has  been  focused  on  the  ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr- 
Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-Al,  Nb-Ti-Si,  Nb-Ti-Cr,  and  Nb-Ti-Al.  Other  ternary  systems 
related  to  the  six-element  system  such  as  Nb-Ti-Hf,  Nb-Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf, 
and  Cr-Hf-Al  have  either  good  data  or  are  less  critical  for  the  design  of  the  Nb  silicide 
composites.  We  will  report  the  results  of  the  Nb-Ti-Si  system  in  the  present  paper  and  the  results 
of  other  systems  will  be  communicated  separately. 

The  high-efficiency  “diffusion  multiple”  approach  [11-14]  is  ideally  suited  for  mapping  phase 
diagrams  of  these  ternary  systems.  It  would  take  thousands  of  alloys  to  determine  the  nine 
ternary  systems  using  the  traditional  one-alloy-at-a-time  (equilibrated  alloy)  approach.  For 
instance,  it  took  Goldschmidt  and  Brand  [15]  about  220  alloys  to  map  just  the  Nb-Cr-Si  ternary 


1 


system  and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [16]  to  determine  the  Ti- 
Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are  difficult  to  make  and  to 
homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial  (oxygen,  nitrogen,  carbon, 
etc.)  contamination  during  alloy  casting  and  heat  treatment.  In  contrast,  the  diffusion  multiple 
approach  needs  only  a  few  cast  alloys  and  the  samples  were  easy  to  make,  and  safe-guarding 
against  the  interstitial  contamination  can  be  very  easily  implemented  as  will  be  discussed  later. 
The  general  diffusion  multiple  approach  is  discussed  in  detail  previously  [11-14]  and  has  been 
successfully  applied  to  many  alloy  systems. 

The  constitutive  binary  phase  diagrams  of  the  Nb-Ti-Si  system,  i.e.  Nb-Si  [7,17-19],  Ti-Si 
[20,21],  and  Nb-Ti  [20]  and  are  already  available  in  the  literature.  The  Nb-Si  phase  diagram  was 
assessed  by  Schlesinger  et  al.  [17],  A  slight  revision,  Fig.  1(a),  was  made  [7]  with  the  eutectoid 
temperature  being  adjusted  to  ~1700°C  based  on  the  result  reported  by  Mendiratta  and  Dimiduk 
[18]  and  the  L  <->  bcc(Nb)  +  Nb3Si  eutectic  reaction  being  adjusted  to  1880°C  and  18.2  at.%Si  to 
reflect  the  temperature  and  composition  obtained  by  Bewlay  et  al.  [19]  on  directionally  solidified 
(DS)  Nb-Si  alloys.  The  Nb5Si3  phase  forms  after  the  decomposition  of  the  Nb3Si  phase  via  an 
eutectoid  reaction  Nb3Si  <-»  bcc(Nb)  +  Nb5Si3  at  ~1700°C,  or  as  the  primary  solidification 
product  in  hypereutectic  alloys.  Two  different  Nb5Si3  phases  based  on  the  same  crystal  structure 
(r/32)  with  different  lattice  parameters  were  reported.  The  high-temperature  and  low-temperature 
phases  are  designated  (3Nb5Si3  and  aNb5Si3  respectively.  The  Ti-Si  system  is  very  similar  to  Nb- 
Si  except  that  the  Ti3Si  is  stable  at  lower  temperatures  (<  1 170°C)  as  compared  to  Nb3Si  which  is 
stable  between  -1700  and  1980°C.  There  are  five  intermetallic  compounds,  Ti3Si,  Ti5Si3,  Ti5Si4, 
TiSi,  and  TiSi2  in  the  Ti-Si  binary  system.  Nb-Ti  is  a  very  simple  system  without  any 
intermetallic  compound  [20].  The  crystal  structures  of  the  phases  in  the  binary  system  are  listed  in 
Table  1  [22]. 


Table  1.  Crystal  structure  of  phases  in  the  Nb-Ti-Si  ternary  system  [22], 


System 

Conditions 

Pearson 

Symbol 

Space 

Group 

Lattice  Parameters 

a 

b 

c 

7 

aTi 

LT 

hP2 

P63/mmc 

0.29512 

0.46845 

120° 

pTi 

HT 

c/2 

Im3m 

0.33066 

Nb 

c/2 

Im3m 

0.33067 

Si 

cF8 

Fd3m 

0.54309 

Nb3Si 

1770-1980°C 

tP32 

P42/n 

1.0224 

0.5189 

3Nb,Si, 

1650-2520°C 

r/32 

I4/mcm 

1.0040 

0.5081 

aNb5Si3 

<  1940°C 

r/32 

I4/mcm 

0.6571 

1.1889 

NbSi2 

<  1940°C 

hP9 

P6222 

0.481 

0.661 

120° 

TiSi 

<  1570°C 

cJ°8 

Pnma 

0.6544 

0.3638 

0.4997 

TiSi 

< 1570°C 

Pmm2 

0.3618 

0.6492 

0.4973 

Ti3Si 

<  1170°C 

tP32 

P42/n 

1.039 

0.517 

TiSi2 

<  1485°C 

oF2A 

Fddd 

0.82671 

0.48000  : 

0.85505 

TisSi3 

<  2130°C 

hP\6 

P63/mcm 

0.74610 

0.51508 

120° 

Ti5Si4 

< 1920°C 

tP36 

P4I2I2 

0.6702 

1.2174 

Since  Ti  is  one  of  the  most  important  alloying  elements  in  Nb  silicide  composites,  a  detailed 
study  of  the  Nb  and  Ti  rich  part  of  the  Nb-Ti-Si  phase  diagram  was  carried  out  by  Bewlay  et  al. 
[23,  24],  and  Subramanian  et  al.  [25].  The  results  are  summarized  in  Fig.  1(b)  as  a  projection  of  a 
three-dimensional  (3D)  phase  diagram.  The  liquidus  projection  was  constructed  by  Bewlay  et  al. 
[23]  by  examining  the  microstructure  of  DS  alloys.  Isothermal  sections  at  1340  and  1500°C  have 
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been  measured  in  order  to  construct  the  whole  ternary  diagram  [24-25].  It  can  been  seen  that  Ti: 
1)  stabilizes  Nb3Si  to  lower  temperatures;  2)  promotes  the  formation  of  a  hexagonal  Ti5Si3  phase 
(/iP16);  and,  3)  reduces  the  L  *-+  bcc(Nb)  +  Nb3Si  eutectic  temperature,  i.e.  the  melting 
temperature  of  the  composites.  Although  additions  of  Ti  to  the  composites  have  very  beneficial 
effects  on  both  oxidation  resistance  and  room  temperature  fracture  toughness  [26],  the  amount  of 
the  Ti  addition  has  to  be  limited  to  <  25  at.%  in  order  to  maintain  an  eutectic  temperature  of  > 
1700°C,  and  to  avoid  the  formation  of  the  hPl6  Ti5Si3  phase,  which  was  found  to  be  detrimental 
to  the  creep-rupture  strength  of  the  composites  [27],  It  is  important  to  maintain  the  melting 
(eutectic)  temperature  of  the  composites  above  1700°C  to  retain  good  strength  to  the  potential  use 
temperatures  (1200  to  1400°C). 

All  previous  work  has  been  focused  on  the  Nb  and  Ti  rich  alloys  with  Si  concentration  <  37.5 
at.%;  and  most  work  was  performed  at  the  temperature  range  of  1340  and  1500°C.  The  present 
work  will  provide  useful  data  in  the  temperature  range  of  1000  to  1200°C.  Our  work  will  also 
provide  phase  equilibrium  information  for  higher  Si  concentration. 


2.  EXPERIMENTAL  METHOD 

A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  the  Fig.  2(a)  was 
made.  The  inner  and  outer  circle  diameters  were  15.6  and  25.4  mm  respectively  to  guarantee  that 
the  dimensions  of  the  pure  element  pieces  are  much  larger  than  the  diffusion  distance,  thus  there 
will  be  pure  elements  left  after  the  long  term  diffusion  anneal.  High  purity  Nb,  Cr,  Si  and  Ti  were 
machined  into  the  proper  shapes  (quarter  pies  and  round  shells,  Fig.  2(a))  by  electro-discharge 
machining  (EDM).  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by  mechanical 
grinding  to  make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol  and  then 
assembled  into  the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25  mm.  The 
assembled  diffusion  multiples  were  then  loaded  into  hot  isostatic  press  (HIP)  cans  made  of 
commercial  purity  Ti,  which  is  schematically  shown  in  Fig.  2(b).  A  25  |J.m  layer  of  Ta  was  placed 
between  the  diffusion  multiples  and  the  HIP  cans  to  isolate  any  interstitial  contaminants  that  may 
diffuse  into  the  HIP  can  from  the  quartz  capsule  during  long  term  annealing.  The  top  and  bottom 
caps  of  the  HIP  can  were  electron  beam  welded.  HIPing  was  performed  at  1204  °C,  200MPa  for  4 
hrs.  The  HIP  cans  containing  the  diffusion  multiples  were  then  encapsulated  in  evacuated  quartz 
tubes  backfilled  with  pure  argon.  Since  both  Nb  and  Ti  are  susceptible  to  oxygen  and  nitrogen 
contamination,  it  is  critical  to  keep  the  diffusion  multiples  from  interstitial  elements.  To  further 
absorb  any  oxygen  that  may  diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium  was  wrapped  in 
Ta  foils  and  was  then  placed  inside  each  quartz  tube.  Thus,  the  diffusion  multiples  were  protected 
from  the  intersitials  (O,  N,  C,  etc.)  by  the  quartz  tube,  the  pure  yttrium  absorber,  the  Ti  HP  can, 
and  the  Ta  diffusion  barrier.  The  encapsulated  samples  were  then  annealed  at  three  different 
temperatures:  1200°C  for  1000  hrs,  1150°C  for  2000  hrs,  and  1000°C  for  4000  hrs.  Three 
identical  diffusion  multiples  were  made  and  each  was  annealed  at  one  temperature.  After  the  heat 
treatment,  the  diffusion  multiples  were  taken  from  the  argon  furnace  and  cooled  down  to  ambient 
temperature  by  breaking  the  quartz  tube  and  quenching  the  diffusion  multiples  into  water.  The 
diffusion  multiples  were  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and 
polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 
EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
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40  nA  current  and  a  40°  take-off  angle.  Electron  backscatter  diffraction  (EBSD)  analysis  was 
performed  to  obtain  crystal  structure  information  of  the  phases  formed  in  the  diffusion  multiple. 
Phase  identification  was  accomplished  by  a  direct  match  of  the  diffraction  bands  in  the 
experimental  backscatter  pattern  with  simulated  patterns  generated  using  known  structure  types 
and  lattice  parameters.  A  detailed  discussion  on  this  powerful  EBSD  technique  can  be  found  in 
Schwartz  et  al.  [28], 


3.  RESULTS  AND  DISCUSSION 

A  backscatter  electron  image  taken  from  the  Nb-Ti-Si  tri-junction  (schematically  circled  area 
in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1 150°C  for  2000  hrs  is  shown  in  Fig.  3.  During 
the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Nb,  Ti  and  Si  took  place,  and 
all  the  equilibrium  phases,  including  the  intermetallic  phases,  formed  by  interdiffusion  reactions. 
By  performing  EPMA  analysis  in  this  tri-junction  area,  an  extremely  large  amount  of  phase 
equilibrium  information  was  obtained.  Based  on  the  compositional  information  from  EPMA, 
EBSD  analysis  was  also  performed  to  identify  the  crystal  structure  of  the  phases.  An  EBSD 
pattern  taken  from  the  NbSi2  phase  is  shown  in  Fig.  4. 

Figure  5  is  a  backscatter  electron  image  taken  from  the  Ti-Si  binary  area  of  the  diffusion 
multiple  annealed  at  1150°C  for  2000  hrs,  showing  the  formation  of  several  Ti  silicides:  TisSi3, 
Ti5Si4,  TiSi,  and  TiSi2.  We  did  not  see  the  formation  of  the  Ti3Si  phase  at  this  temperature,  which 
indicates  that  the  peritectoid  reaction  temperature  of  Ti  +  TisSi3  <=>  Ti3Si  should  be  below 
1150°C.  The  current  Ti-Si  binary  phase  diagram  places  this  temperature  at  1170°C.  Our  result 
clearly  shows  the  absence  of  this  phase  at  1 150°C.  We  did  not  think  this  is  a  missing  phase 
situation  since,  this  phase  clearly  appeared  in  the  Nb-containing  regions  (Fig.  3)  and  it  gradually 
disappeared  in  very  Ti-rich  alloys  at  this  temperature.  This  phase  was  observed  in  the  binary  Ti- 
Si  area  in  the  diffusion  multiple  annealed  at  1000°C  for  4000  hrs.  Therefore,  the  Ti  +  Ti5Si3  O 
Ti3Si  peritectoid  reaction  must  be  below  1 150°C,  but  above  1000°C. 

The  1000°C  isothermal  section  constructed  based  on  both  EPMA  and  EBSD  data  is  shown  in 
Fig.  6(a).  The  tie-lines  are  defined  from  the  EPMA  line  profiles  by  taking  advantage  of  the  local 
equilibrium  at  interfaces  formed  among  the  phases.  We  clearly  defined  phase  equilibria  in  Si-rich 
(Si  >  37.5  at.%)  alloys  for  which  previous  data  did  not  exist.  The  following  three-phase  equilibria 
were  observed;  Si+NbSi2+TiSi2,  NbSi2+TiSi2+TiSi,  NbSi2+TiSi+Ti5Si4,  NbSi 2+NbsS i 34-Ti3 S i 4. 
Ti5Si4+Nb5Si3+Ti5Si3,  for  Si  >  37.5  at.%.  These  phase  equilibria  are  consistent  with 
thermodynamic  prediction  by  Liang  and  Chang  [28].  Very  high  solubility  (~36  at.%  at  1000°C) 
of  Nb  in  Ti5Si4  was  observed,  which  thermodynamic  assessment  cannot  predict  without 
experimental  data  input.  The  phase  equilibria  in  the  metal-rich  part  (Si  <  37.5  at.%)  of  the  phase 
diagram  were  consistent  with  the  observations  of  Bewlay  et  al.  [23,  24],  and  Subramanian  et  al. 
[25],  e.g.,  Nb5Si3+Ti5Si3+Ti3Si  and  Nb5Si3+  Ti3Si+bcc(Nb,Ti)  three-phase  equilibria  were 
observed.  Since  the  results  of  Bewlay  et  al.  [23,  24],  and  Subramanian  et  al.  [25]  were  at  1340 
and  1500°C,  a  direct  comparison  of  the  tie-triangles  was  not  possible. 

The  isothermal  sections  obtained  from  the  Nb-Ti-Si  tri-junction  region  of  the  diffusion 
multiple  heat  treated  at  1150  °C  for  2000  hours  and  1200  °C  for  1000  hours  are  shown  in  Figure 
6(b)  and  (c).  The  basic  three-phase  equilibria  remained  the  same  with  some  changes  of 
solubilities  with  temperature.  For  instance,  the  Nb  solubility  in  Ti5Si4  changed  from  ~36  at.%,  to 
45  at.%  to  47  at.%  as  the  temperature  changed  from  1000  to  1150  to  1200  °C.  The  solubility  of 
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Ti  in  Nb5Si3  increased  from  18  at.%  to  26  at. 9c  to  28  at.%  as  the  temperature  changed  from  1000 
to  1150  to  1200  °C. 


The  phase  equilibrium  information  of  the  Nb-Ti-Si  system  is  very  useful  for  the  design  of  both 
Nb  silicide  composites  and  coatings  for  these  composites.  This  is  one  of  the  key  systems  in  the 
developing  thermodynamic  database  for  Nb  silicide  based  systems  [10,29,30].  A  slight 
modification  of  thermodynamic  description  of  this  Nb-Ti-Si  system  will  be  necessary  to  take  into 
account  the  high  solubility  of  Nb  in  Ti5Si4. 


4.  CONCLUSIONS 

Three  isothermal  sections  of  Nb-Ti-Si  at  1000,  1 150  and  1200°C  were  constructed  from  the 
results  obtained  from  three  diffusion  multiples  using  scanning  electron  microscopy  (SEM), 
electron  probe  microanalysis  (EPMA),  and  electron  backscatter  diffraction  (EBSD).  The  results 
provide  a  clear  definition  of  the  phase  equilibria  in  Si-rich  (Si  >  37.5  at.%)  alloys  for  which 
previous  experimental  data  were  not  available.  The  observed  three  phase  equilibria  were 
consistent  with  thermodynamic  prediction  made  by  Liang  and  Chang.  Extremely  high  solubility 
of  Nb  in  Ti5Si4  (up  to  ~  46  at.%Nb  at  1200°C,  substituting  for  Ti)  was  observed.  The  following 
three-phase  equilibria  were  observed:  Si+NbSi2+TiSi2,  NbSi2+TiSi2+TiSi,  NbSi2+TiSi+Ti5Si4, 
NbSi2+Nb5Si3+Ti5Si4,  TisSL+NbsS^+T^S^,  N bs S f+T i<S  i~, +Ti 3 S i  and  Nb5Si3+  Ti3Si+bcc(Nb,Ti), 
and  Ti5Si3+  Ti3Si+bcc(Ti,Nb).  Our  experimental  results  show  that  the  peritectoid  reaction 
temperature  of  Ti  +  Ti5Si3  <=>  Ti3Si  should  be  below  1150°C  and  above  1000°C  for  the  binary  Ti- 
Si  system  (The  current  Ti-Si  phase  diagram  placed  this  temperature  at  1 170°C). 
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Figure  1.  Phase  diagrams  of  the  Nb-Si  binary  (a)  and  the  Nb-Ti-Si  ternary  system  (b).  The  Nb-Si 
binary  was  based  on  Schlesinger  et  al.  [17]  and  revised  [7]  based  on  results  of  Mendiratta  and 
Dimiduk  [18]  and  Bewlay  et  al.  [19].  The  shaded  box  shows  the  composition  range  and  potential 
use  temperatures  of  the  composites.  The  schematic  3D  phase  diagram  of  the  Nb-Ti-Si  ternary 
system  (b)  was  based  on  the  work  of  Bewlay  et  al.  [23,24]. 


Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Nb-Ti-Si  ternary  phase  diagrams: 
(a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for  the  size  of  the  sample.  The 
results  reported  in  this  work  were  all  obtained  from  the  tri-junction  comer  of  Nb  -  Ti  -  Si 
circled  in  (a). 
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Figure  3.  Backscatter  electron  SEM  images  of  the  Nb-Ti-Si  tri-junction  area  of  the  diffusion 
multiple  (Fig.  2)  annealed  at  1 150°C  for  2000  hrs  showing  the  formation  of  many  different 
intermetallic  compounds:  (a)  a  low-magnification  image  showing  the  overall  tri-junction  (the 
pure  Si  piece  broke  away  during  wire  EDM  cutting  after  the  heat  treatment;  and  (b)  a  high- 
magnification  image  of  the  location  shown  in  (a)  as  a  box  showing  the  phases. 


Figure  4.  Un-indexed  (a)  and  indexed  (b)  EBSD  pattern  of  the  NbSi2  phase  formed  in  the 
diffusion  multiple  shown  in  Fig.  2  at  the  tri-junction  region  of  Nb-Ti-Si. 


10 


i. 


Si 


Nb Ti 


(C) 

Figure  6.  Isothermal  sections  ((a)  1200°C,  (b)  1 150°C,  and  (c)  1000°C )  of  the  Nb-Ti-Si  system  obtained 
from  the  Nb-Ti-Si  tri-junction  area  of  the  diffusion  multiples  (Fig.  2).  The  phase  diagram  is  plotted  in  atomic 
percent  axes  with  the  numbers  removed  for  simplicity.  The  solid  triangle  indicates  well-defined  three-phase 
triangles  and  the  open  circles  show  the  tie-line  compositions.  The  tie-lines  are  shown  with  light  dotted  lines. 
The  heavy  dashed  tie-triangles  were  estimated  three-phase  equilibria. 
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ABSTRACT 

A  high-efficiency  diffusion-multiple  approach  was  employed  to  map  the  phase  diagram  of  the 
Ti-Cr-AI  ternary  system  which  is  very  valuable  for  the  design  of  niobium  silicide-based 
composites.  These  composites  have  high  potential  as  a  replacement  for  Ni-base  superalloys  for  jet 
engine  applications.  Ti,  Cr  and  A1  are  alloying  elements  for  these  composites,  thus  the  Ti-Cr-AI 
phase  diagram,  especially  stability  of  the  oxidation-resistant  Laves  phase,  is  important 
information  for  the  composite  design.  In  addition,  the  Ti-Cr-AI  system  is  also  important  for  the 
design  of  gamma  TiAl  with  Cr  additions.  A  1000°C  isothermal  section  was  constructed  from  the 
results  obtained  using  electron  probe  microanalysis  (EPMA)  and  electron  backscatter  diffraction 
(EBSD)  from  a  diffusion  multiple  made  up  of  Ti,  Cr,  TLAI3  and  TiSi2.  The  obtained  1000°C 
agrees  well  with  the  literature  results. 


Keywords:  Ti-Cr-AI,  diffusion  multiple,  silicide,  TiAl,  phase  diagram,  composite. 


1.  INTRODUCTION 

Niobium  silicide-based  composites  show  great  promise  for  applications  as  the  next  generation 
turbine  airfoil  materials  with  significantly  higher  operating  temperatures  than  current  generation 
advanced  Ni-base  superalloys  [1-6].  The  Nb-Si  binary  composites  have  excellent  creep  strength, 
but  poor  oxidation  resistance  and  poor  room  temperature  fracture  toughness  [1-2].  Alloying  with 
Ti,  Cr  and  A1  can  improve  the  oxidation  resistance.  The  potential  application  of  these  composites 
at  very  high  temperatures  requires  a  balance  of  high  creep  resistance,  high  oxidation  resistance, 
and  good  low-temperature  damage  tolerance  (fracture  toughness).  To  achieve  such  a  property 
balance,  elements  such  as  Cr,  Ti,  Hf  and  A1  are  added  to  the  composites  and  significant  progress 
has  been  made  in  improving  the  properties  of  the  composites.  Some  of  the  alloying  concepts 
were  discussed  by  Zhao  et  al.  [7],  The  advanced  design  of  the  composites  requires  a  fair 
understanding  of  the  phase  equilibria  in  the  Nb-Si-Ti-Cr-Hf-Al  system.  Since  a  reasonable 
definition  of  the  Nb-Hf-Si  system  has  been  achieved  [8-10],  our  effort  has  been  focused  on  the 
ternary  systems  Nb-Cr-Si,  Nb-Si-Al,  Nb-Cr-Al,  Ti-Si-Cr,  Ti-Si-Al,  Ti-Cr-AI,  Nb-Ti-Si,  Nb-Ti- 
Cr,  and  Nb-Ti-Al.  Other  ternary  systems  related  to  the  six-element  system  such  as  Nb-Ti-Hf,  Nb- 
Cr-Hf,  Nb-Hf-Al,  Ti-Si-Hf,  Ti-Cr-Hf,  and  Cr-Hf-Al  have  either  good  data  or  are  less  critical  for 
the  design  of  the  Nb  silicide  composites.  We  will  report  the  results  of  the  Ti-Cr-AI  system  in  the 
present  paper  and  the  results  of  other  systems  will  be  communicated  separately. 

In  addition  to  being  valuable  for  the  design  of  the  Nb  silicide  composites,  the  Ti-Cr-AI 
ternary  phase  diagram  is  also  very  useful  for  the  design  of  gamma  TiAl  (y-TiAl)  and  its  coatings. 
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Chromium  addition  improves  the  room  temperature  ductility  and  the  high  temperature 
deformability  of  y-TiAl  [11,12],  For  this  reason,  there  were  several  previous  investigations  on  the 
phase  diagram  of  this  ternary  system  in  the  past  decade  [13-26]  in  addition  to  a  few  investigations 
in  the  1950s  [27-30], 

The  high-efficiency  “diffusion  multiple”  approach  [31-34]  is  ideally  suited  for  mapping  phase 
diagrams  of  the  above  mentioned  Nb  and  Ti-based  ternary  systems.  It  would  take  thousands  of 
alloys  to  determine  the  nine  ternary  systems  using  the  traditional  one-alloy-at-a-time  (equilibrated 
alloy)  approach.  For  instance,  it  took  Goldschmidt  and  Brand  [35]  about  220  alloys  to  map  just 
the  Nb-Cr-Si  ternary  system  and  similarly  about  135  alloys  were  employed  by  Lysenko  et  al.  [36] 
to  determine  the  Ti-Cr-Si  system.  These  alloys  have  very  high  melting  temperatures  and  are 
difficult  to  make  and  to  homogenize.  Extra  effort  also  needs  to  be  taken  to  avoid  interstitial 
(oxygen,  nitrogen,  carbon,  etc.)  contamination  during  alloy  casting  and  heat  treatment.  In 
contrast,  the  diffusion  multiple  approach  needs  only  a  few  cast  alloys  and  the  samples  were  easy 
to  make,  and  safe-guarding  against  the  interstitial  contamination  can  be  very  easily  implemented 
as  will  be  discussed  later.  The  general  diffusion  multiple  approach  is  discussed  in  detail 
previously  [31-34]  and  has  been  successfully  applied  to  many  alloy  systems. 

Table  1 .  Crystal  structure  of  phases  in  the  Ti-Cr-Al  ternary  system.  The  data  were  taken  from 
Villars  and  Calvert  [53]  for  most  phases,  from  Knapp  [54]  for  AI9Q4,  and  from  Audier,  et  al.  [44] 
for  Al4Cr  and  AluCr2. 


Phase 

Pearson 

Symbol 

Space 

Group 

Lattice  Parameters 

a  (nm) 

. . 1 .. 

Al 

cF4 

Fm3m 

0.40497 

Cr 

cl  2 

Im3m 

0.28847 

aTi 

hP2 

P63/mmc 

0.29512 

0.46845 

120° 

UTi 

c!2 

AlCr2 

I4/mmm 

0.3005 

0.8649 

AlfCr5 

R3m 

1.2813 

0.7951 

120° 

Al9Cr4 

Cubic 

0.9123 

Al4Cr 

AP574 

P6Vmmc 

1.998 

2.467 

119.33° 

AlnCr2 

Cmcm 

1.24 

3.46 

2.02 

122.20° 

Al7Cr 

C2/m 

2.5256 

0.7582 

1.0955 

128.68° 

TiAl 

tP4 

P4/mmm 

0.4001 

0.4071 

Ti3Al 

hP& 

P63/mmc 

0.5780 

0.4647 

120° 

TiAl2 

2.436 

TiAl, 

I4/mmm 

0.38537 

0.85839 

ti2ai, 

tl  16 

I4/mmm 

0.3917 

1.6524 

_ □ 

aCr2Ti  C15  Laves 

cF24 

Fd3m 

0.691 

PCr2Ti  C36  Laves 

hP2A 

PbVmmc 

0.4932 

0.8005 

120° 

TCriTi  C14  Laves 

hP\2 

P63/mmc 

0.4932 

1.601 

120° 

l 

x-Lli  (Ti2CrAl5) 

The  constitutive  binary  phase  diagrams  of  the  Ti-Cr-Al  system,  i.e.,  Ti-Cr  [37-39],  Al-Cr  [40- 
45]  and  Ti-Al  [37,  46-52]  are  already  available  in  the  literature.  There  is  still  active  research  on 
the  phase  diagram  of  the  Al-Cr  binary  system  [42,43].  The  Ti-Cr  binary  system  has  three  Cr2Ti- 
based  Laves  phases:  the  low-temperature  cubic  C15  (cF24)  which  is  stable  at  temperatures  < 
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1220  °C,  the  intermediate-temperature  dihexagonal  C36  (/zP24)  stable  between  800-1270  °C,  and 
the  high-temperature  hexagonal  C14  (ftP12)  stable  at  temperatures  >  1270  °C  [37-39].  The  effect 
of  A1  on  the  stabilization  of  these  Laves  phases  can  be  appreciated  by  studying  the  Ti-Cr-Al 
system.  We  adopted  the  Ti-Al  phase  diagram  by  Okamoto  [51]  as  our  binary  reference  with  the 
Al-rich  part  of  the  phase  diagram  recently  refined  by  Palm  et  al.  [52].  The  crystal  structures  of  the 
phases  in  the  binary  and  the  ternary  system  are  listed  in  Table  1. 

As  mentioned  earlier,  there  are  more  than  a  dozen  investigations  in  the  literature  on  the  phase 
diagram  of  the  Ti-Cr-Al  ternary  system  [13-30].  The  phase  equilibria  became  clear  only  after  the 
comprehensive  assessments  of  Shao  and  Tsakiropoulos  [19]  as  well  as  Schwanold  and  Inden  [22], 
as  shown  in  Fig.  1.  However,  discrepancies  still  exist  on  the  phase  boundaries  and  phase 
equilibria.  For  instance,  the  shape  of  the  P(Ti,Cr,Al)  single-phase  region  looks  quite  different  in 
the  two  isothermal  sections  shown  in  Fig.  1.  The  (3(Ti,Cr,Al)  +  oc2Ti3Al  +  yTiAl  three-phase 
triangle  (equilibrium)  also  shows  significant  difference.  Our  work  will  help  to  define  the  ternary 
phase  diagram,  especially  the  1000°C  isothermal  section. 


2.  EXPERIMENTAL  METHOD 

A  diffusion  multiple  with  the  cross-section  view  shown  schematically  in  the  Fig.  2(a)  was 
made.  The  dimensions  were  designed  so  that  the  pieces  of  pure  elements  and  compounds  are 
much  larger  than  the  diffusion  distance,  thus  there  will  be  pure  elements  and  compounds  left  after 
the  long-term  diffusion  annealing.  To  avoid  the  low  melting  point  of  Al,  we  used  both  TiSi2  and 
TiAl3  compounds  as  members  of  the  diffusion  multiple.  Both  these  compounds  were  made  by 
arc-melting.  They  were  then  cut  into  square  bars  of  7  x  7  x  25  mm  using  electro-discharge 
machining  (EDM).  A  14  x  14  mm  square  opening  was  cut  from  a  25  mm  diameter  by  25  mm 
height  cylindrical  piece  of  pure  Ti.  The  square  opening  was  cut  across  the  whole  height  of  the  Ti 
piece.  Pieces  of  high  purity  Ti  and  Cr  in  the  dimension  of  7  x  7  x  25  mm  were  also  machined 
using  EDM.  The  re-cast  layer  on  the  EDM’ed  surfaces  was  removed  by  mechanical  grinding  to 
make  clean  surfaces.  The  pieces  were  ultrasonically  cleaned  in  methanol  and  then  assembled  into 
the  geometry  shown  in  Fig.  2(a).  The  height  of  all  pieces  was  25  mm.  The  assembled  diffusion 
multiple  was  then  loaded  into  hot  isostatic  press  (HIP)  cans  made  of  commercial  purity  Ti,  which 
is  schematically  shown  in  Fig.  2(b).  A  25  pm  layer  of  Ta  foil  was  placed  between  the  diffusion 
multiple  and  the  HIP  can  to  isolate  any  interstitial  contaminants  that  may  diffuse  into  the  HIP  can 
from  the  quartz  capsule  during  long-term  annealing.  The  top  and  bottom  caps  of  the  HIP  can  were 
electron  beam  welded.  HIPing  was  performed  at  1204  °C,  200MPa  for  4  hrs.  The  HIP  can 
containing  the  diffusion  multiple  was  then  encapsulated  in  an  evacuated  quartz  tube  backfilled 
with  pure  argon.  Since  Ti  is  susceptible  to  oxygen  and  nitrogen  contamination,  it  is  critical  to 
keep  the  diffusion  multiple  from  interstitial  elements.  To  further  absorb  any  oxygen  that  may 
diffuse  into  the  quartz  tube,  a  packet  of  pure  yttrium  was  wrapped  in  Ta  foils  and  was  then  placed 
inside  the  quartz  tube.  Thus,  the  diffusion  multiple  was  protected  from  the  intersitials  (O,  N,  C, 
etc.)  by  the  quartz  tube,  the  pure  yttrium  absorber,  the  Ti  HIP  can,  and  the  Ta  diffusion  barrier. 
The  encapsulated  sample  was  then  annealed  at  1000°C  for  2000  hours.  After  the  heat  treatment, 
the  diffusion  multiple  was  taken  from  the  argon  furnace  and  cooled  down  to  ambient  temperature 
by  breaking  the  quartz  tube  and  quenching  the  diffusion  multiple  into  water.  The  diffusion 
multiple  was  then  cut  into  halves  parallel  to  the  ends  using  wire  EDM,  ground  and  polished. 

The  samples  were  first  examined  using  scanning  electron  microscopy  (SEM),  especially  the 
backscatter  electron  (BSE)  imaging.  Most  phases  could  be  seen  (although  not  identified 
explicitly)  in  the  BSE  images  due  to  the  differences  in  their  average  atomic  weight.  Quantitative 


3 


EPMA  analysis  was  performed  on  a  CAMECA  (Paris,  France)  microprobe  using  15  kV  voltage, 
40  nA  current  and  a  40°  take-off  angle.  Electron  backscatter  diffraction  (EBSD)  analysis  was 
performed  to  obtain  crystal  structure  information  of  the  phases  formed  in  the  diffusion  multiple. 
Phase  identification  was  accomplished  by  a  direct  match  of  the  diffraction  bands  in  the 
experimental  backscatter  pattern  with  simulated  patterns  generated  using  known  structure  types 
and  lattice  parameters.  A  detailed  discussion  on  this  powerful  EBSD  technique  can  be  found  in 
Schwartz  etal.  [55], 


3.  RESULTS  AND  DISCUSSION 

Backscatter  electron  images  taken  from  the  Ti-Cr-TiAl3  tri-junction  (schematically  circled 
area  in  Fig.  2(a))  of  the  diffusion  multiple  annealed  at  1000  °C  for  2000  hrs  are  shown  in  Fig.  3. 
During  the  long-term  diffusion  treatment,  extensive  interdiffusion  among  Ti,  Cr  and  A1  took 
place,  and  many  equilibrium  phases,  including  the  intermetallic  phases,  formed  by  interdiffusion 
reactions.  Some  of  the  phases  which  are  difficult  to  see  in  Fig.  2(a)  can  be  seen  in  Fig.  2(b)  and 
(c).  Some  of  the  phases  were  very  thin,  thus  we  took  into  account  overlapping  and  over-sampling 
effects  when  analyzing  the  EPMA  data.  Figure  4  is  a  backscatter  electron  image  taken  from  the 
Ti-TiAl3  binary  area  of  the  diffusion  multiple,  showing  the  formation  of  several  Ti  aluminides. 

By  performing  EPMA  analysis  in  this  tri-junction  area,  a  large  amount  of  phase  equilibrium 
information  was  obtained.  Based  on  the  compositional  information  from  EPMA  and  by  taking 
advantage  of  the  local  equilibrium  at  phase  interfaces,  an  isothermal  section  of  the  Ti-Cr-Al 
system  was  constructed  as  shown  in  Fig.  5.  Detailed  procedures  of  phase  diagram  mapping  using 
diffusion  multiples  can  be  found  elsewhere  [31-34]. 

Although  the  existing  phase  diagrams  (Fig.  1)  and  the  EPMA  compositions  (Fig.  5)  can 
already  differentiate  all  the  phases  in  this  particular  Ti-Cr-Al  ternary  system,  we  performed 
EBSD  analysis  to  confirm  the  crystal  structures  of  the  phases,  especially  the  three  different  kinds 
of  Laves  phases.  Unfortunately,  since  both  C14  (AP12)  and  C36  (/zP24)  are  hexagonal  based 
structures  with  very  similar  crystal  symmetry  and  very  similar  lattice  parameters,  EBSD  usually 
has  a  hard  time  differentiating  them.  It  is  very  easy  to  differentiate  C15  from  both  C14  and  C36 
since  C15  is  cubic.  When  we  put  all  the  crystal  structural  information  of  the  three  Laves  phases 
into  the  EBSD  software  and  allowed  the  computer  to  index  the  phases  from  the  diffusion 
multiple,  we  anticipated  that  the  EBSD  system  would  index  both  C14  and  C36  interchangeably. 
To  our  surprise,  the  system  seems  able  to  differentiate  C14  from  C36  (maybe  due  to  the  slight 
symmetry  differences).  Based  on  the  Ti-Cr  binary  phase  diagram  and  the  EBSD  data,  we 
differentiated  the  three  Laves  phases  in  the  phase  diagram  shown  in  Fig.  5.  Previous  work  has 
not  been  able  to  define  the  phase  equilibrium  between  the  Laves  phases  in  this  ternary  system. 
Some  EBSD  patterns  are  shown  in  Fig.  6. 

Due  to  the  very  stable  nature  of  the  t-L12  (Ti2CrAl5)  phase,  the  diffusion  path  between  Cr  and 
TiAl3  passed  through  the  X-L12  phase.  Thus,  we  did  not  obtain  the  phase  equilibrium  information 
at  the  very  Al-rich  end  of  the  phase  diagram  (we  used  TiAl3  instead  of  A1  to  make  the  diffusion 
multiple). 

Our  isothermal  section  (Fig.  5)  agrees  well  with  the  ones  constructed  by  Shao  and 
Tsakiropoulos  [19]  as  well  as  Schwanold  and  Inden  [22],  Fig.  1(a)  and  (b),  although  some 
difference  was  observed  (There  are  also  differences  between  Fig  1(a)  and  (b)).  The  excellent 
agreement  on  the  odd-shaped  (3(Ti,Cr,Al)  single-phase  region  between  ours  and  that  of  Shao  and 
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Tsakiropoulos  (Fig.  1(a))  is  especially  dramatic,  and  together  the  results  indicate  that  the  shape 
shown  by  Schwanold  and  Inden  may  not  be  accurate.  The  obtained  solubilities  of  Cr  in  a2-Ti3Al 
(~2.5at.%),  yTiAl  (4  to  6  at.%),  TiAl2  (~  1  at.%),  and  Ti2Al5  (<  1  at.%)  (Fig.  5)  at  1000°C  agree 
very  well  with  the  data  assessed  by  both  Shao  and  Tsakiropoulos  and  Schwanold  and  Inden,  Fig. 
1.  The  observed  solubility  of  A1  in  the  C14  Laves  phase  is  40  at.%  which  is  in  excellent 
agreement  with  the  results  in  the  literature,  Fig.  1. 

There  is  significant  difference  in  the  results  reported  in  the  literature  on  the  P(Ti,Cr,Al)  +  a2- 
Ti3Al  +  YTiAl  three-phase  triangle  (equilibrium),  Fig.  1.  Our  result  agrees  well  with  that  of  Shao 
and  Tsakiropoulos  and  is  different  from  that  of  Schwanold  and  Inden.  The  observed  maximum 
solubility  of  Ti  in  (3(Cr,Al,Ti)  was  ~  13  at.%  (Fig.  5),  which  is  slightly  different  from  the  results 
reported  in  the  literature,  -  19  at.%  (Fig.  1). 

In  the  isothermal  section  of  Shao  and  Tsakiropoulos  (Fig.  1(a)),  the  aTi  phase  was 
represented  by  a  point  with  no  variation  of  composition,  which  is  inconsistent  with  the  binary  Ti- 
A1  phase  diagram.  Our  result  showed  a  composition  variation  and  is  similar  to  that  of  Schwanold 
and  Inden.  Consequently,  the  aTi  +  p(Ti,Cr,Al)  +  a2-Ti3Al  three-phase  region  obtained  from  the 
diffusion  multiple  of  the  present  work  is  similar  to  that  of  Schwanold  and  Inden;  and  together  it 
indicates  that  the  assessment  of  Shao  and  Tsakiropoulos  on  this  three-phase  triangle  may  be 
inaccurate. 

We  obtained  all  the  information  in  Fig.  5  from  one  tri-junction  of  a  diffusion  multiple,  in 
contrast  to  78  ternary  alloys  melted  by  Schwanold  and  Inden  to  construct  the  isothermal  section 
shown  in  Fig.  1(b).  Figure  1(a)  was  based  on  results  from  more  than  50  alloys  and  diffusion 
couples.  The  good  agreement  between  out  results  and  those  in  the  literature  shows  the  validity 
and  high-efficiency  of  the  diffusion-multiple  approach.  Especially  for  a  single-phase  region  with 
large  solubility,  the  diffusion-multiple  approach  can  provide  a  large  amount  of  data  quickly  to 
map  out  complicated  phase  boundaries.  The  Ti-Cr-Al  system  provides  an  excellent  example,  e.g., 
the  |3(Ti,Cr,Al)  phase  boundaries. 

The  phase  equilibrium  information  of  the  Ti-Cr-Al  system  is  very  useful  for  the  design  of 
both  Nb  silicide  composites  and  y-TiAl  as  well  as  their  coatings.  This  is  one  of  the  key  systems 
we  would  strongly  encourage  for  CALPHAD  modeling  and  for  adding  the  data  into  the 
developing  thermodynamic  database  for  Nb  silicide  based  systems  [10,  56,57]. 


4.  CONCLUSIONS 

Using  the  high-efficiency  diffusion-multiple  approach,  we  mapped  the  1000°C  isothermal 
section  (except  the  Al-rich  comer)  of  the  Ti-Cr-Al  ternary  system  from  a  single  sample.  The 
results  (Fig.  5)  are  in  very  good  agreement  with  those  in  the  literature,  especially  the  isothermal 
sections  by  Shao  and  Tsakiropoulos  (Fig.  1(a))  and  Schwanold  and  Inden  (Fig.  1(b)).  Some 
differences  are  discussed.  We  have  defined  ten  three-phase  equilibria.  We  defined  the  equilibria 
among  the  three  different  kinds  of  Laves  phases.  The  results  showed  significant  efficiency  gain 
using  the  diffusion  multiple  approach  as  compared  to  the  traditional  equilibrated  alloy  methods. 
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Figure  1.  Isothermal  sections  from  the  literature  of  the  Ti-Cr-Al  system  at  1000°C:  (a)  constructed 
by  Shao  and  Tsakiropoulos  [19]  based  on  literature  results  from  [13,16,17],  and  (b)  constructed 
by  Schwanold  and  Inden  [22]  again  based  78  alloys  and  diffusion  couples. 
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(a)  (b) 


Figure  2.  A  diffusion  multiple  for  efficient  mapping  of  the  Ti-Cr-Al  ternary 
phase  diagram:  (a)  cross-sectional  view;  and  (b)  perspective  view.  See  text  for 
the  size  of  the  sample.  The  results  reported  in  this  work  were  all  obtained  from 
the  tri-junction  comer  of  Ti  -  Cr  -  TiAl3  circled  in  (a). 
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Figure  3.  Backscatter  electron  SEM  images  of  the  Ti  -  Cr  -  TiAl3  tri-junction  area  of  the 
diffusion  multiple  (Fig.  2)  annealed  at  1000°C  for  2000  hrs  showing  the  formation  of  many 
different  intermetallic  compounds,  including  one  ternary  compound,  t-Ll2.  (a)  a  low- 
magnification  image  showing  the  overall  tri-junction;  (b)  a  high-magnification  image  of  location 
1  in  (a);  and  (c)  a  high-magnification  image  of  location  2  in  (a). 
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Ti 


Figure  5.  The  1000°C  isothermal  section  of  the  Ti-Cr-Al  system  obtained  from  the  Ti- 
Cr-TiAl3  tri-junction  area  of  the  diffusion  multiple  (Fig.  2)  annealed  at  1000°C  for  2000 
hrs.  The  phase  diagram  is  plotted  in  atomic  percent  axes  with  the  numbers  removed  for 
simplicity.  The  solid  triangle  indicates  well-defined  three-phase  triangles  and  the  open 
circles  show  the  tie-line  compositions.  The  tie-lines  are  shown  with  light  dotted  lines. 
The  A2  -  B2  ordering  transition  line  (shown  as  a  heavy  dotted  line)  was  adopted  from 
Kainuma  etal.  [23]. 
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Figure  6.  EBSD  patterns  of  several  intermetallic  phases  formed  in  the  Ti  -  Cr  -  TiAl3  tn- 
junction  area  of  the  diffusion  multiple  (Fig.  2)  annealed  at  1000°C  for  2000  hrs:  (a)  and  (b)  for  t- 
Ll2  phase;  (c  )  and  (d)  for  C15  Laves;  and  (e)  and  (f)  for  the  C36  Laves.  The  un-indexed  patterns 
are  shown  on  the  left  and  the  indexed  patterns  on  the  right. 


